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ABSTRACT 


The  objectives  of  this  ONR  sponsored  University  Research  Initiative  (URI)  entitled 
“Materials  for  Adaptive  Structural  Acoustic  Control”  concern  both  basic  fundamental  studies  and 
highly  applied  development  of  the  piezoelectric  and  electrostrictive  ferroelectric  ceramics  which 
carry  both  the  sensing  and  actuation  functions  for  adaptive  control.  The  report  documents  work 
over  the  third  year  of  this  five  year  program.  For  convenience  and  continuity,  the  activities  are 
grouped  under  the  headings”  General  Summary  Papers,  Materials  Studies,  Composite  Sensors, 
Actuator  Studies,  Integration  Issues,  Processing  Studies,  Thin  Film  Ferroelectrics,  and  the 
Abstracts  of  graduating  students  on  the  program. 

The  first  general  papers  illustrate  the  educational  role  undertaken  by  MRL  faculty  both  in 
the  basic  understanding  of  ferroics,  and  in  the  philosophy  of  their  application  in  ‘smart’  systems. 
It  is  interesting  that  through  work  pioneered  on  earlier  ONR  programs  in  MRL,  it  is  now  possible 
to  measure  both  direct  and  converse  electrostrictive  response  in  simple  solids,  and  to  thus  explore 
models  to  explain  the  signs  and  magnitudes  of  these  striction  constants.  The  relaxor  ferroelectrics 
have  been  a  topic  of  study  for  more  than  30  years  in  the  laboratory,  but  recent  breakthroughs  have 
revolutionized  the  level  of  understanding  and  opened  a  vista  for  further  potential  application  of  size 
(scale)  effects  in  ferroics.  Electrical  control  of  shape  memory  has  been  achieved  in  a  number  of 
electro-ferroic  solids,  but  full  exploitation  will  need  more  complete  understanding  of  both 
ferroelectric  and  ferroelasticrferroelecttic  domain  wall  processes.  Photostriction,  the  combination 
of  photovoltaic  and  piezoelectric  effects  in  ceramics  promises  an  interesting  range  of  new  device 
possibilities. 

In  material  studies,  the  elegant  work  on  lanthanum  modified  lead  titanate  has  now  been 
fully  written  up,  and  the  vital  role  of  strain  coupling  in  the  onset  of  diffuse  response  underscored. 
New  experimental  methods  have  been  applied  to  separating  and  measuring  intrinsic  and  extrinsic 
components  of  response  in  PZT  ceramics  and  to  the  measurement  of  microwave  properties  in  these 
high  K  systems.  Soft,  intermediate,  and  hard  modified  lead  zirconate  and  PZT  composition  have 
been  under  study  for  new  and  more  interesting  morphotropic  phase  boundaries  which  could  be 
fabricated  in  single  crystal  form.  Both  optical  birefringence  and  Raman  studies  are  being  used  to 
explore  domain  and  phase  changes. 

In  sensing  studies,  the  focus  has  been  maintained  upon  flextensional  (Moonie)  structures 
and  the  enhanced  performance  which  new  end  cap  designs  are  affording.  The  polyvinylidene 
fluoride/trifluoethylene  piezoelectrics  are  themselves  an  interesting  composite  system  where  the 
lower  symmetry  demands  more  complete  characterization.  The  1:3  rod  and  tube  type  composites 
have  many  performance  advantages  and  trade-offs  which  will  ensure  wider  scale  application  now 
that  economical  assembly  techniques  are  at  hand. 


For  actuation,  the  flextensional  (Moonie)  offers  a  number  of  advantages  which  merit 
further  study.  Both  material  and  multilayer  device  related  fatigue  and  destruction  mechanisms  are 
under  study,  and  modes  to  control  and  alleviate  microcracking  and  space  change  degradation  are 
examined.  More  detailed  studies  of  the  photostriction  effects  and  their  control  by  doping  effects  in 
PZTs  have  also  been  accomplished. 

Integration  studies  have  continued  to  explore  the  components  which  must  be  co-processed 
in  the  smart  material  or  adaptive  assemblage.  Examples  are  the  thick  film  conductors  in  copper  or 
silver/palladium,  the  0:3  high  density  piezoelectric  polymer  composites  and  the  filter  functions 
required  to  eliminate  cross  talk  in  the  wiring  system. 

Processing  studies  are  essential  to  the  fabrication  of  the  very  wide  range  of  materials 
demanded  by  all  elements  of  the  program.  Relaxor  materials  have  formed  the  focus  for  many 
processing  activities  but  more  recently  the  needs  for  high  strain  actuation  are  refocusing  interest  on 
phase  switching  antiferroelectric:ferroelectric  compositions  in  the  high  lead  zirconate  PLZTs  and 
PSnZTs  with  mounting  evidence  for  multiple  ferroelectric  phases  appearing  under  high  fields. 

Thin  film  papers  have  been  selected  from  the  extensive  work  in  MRL  on  ferroelectric  films 
because  of  their  relevance  to  transduction  in  piezoelectric  or  phase  switching  compositions. 
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ABSTRACT 


The  objectives  of  this  ONR  sponsored  University  Research  Initiative  (URI)  entitled 
“Materials  for  Adaptive  Structural  Acoustic  Control”  concern  both  basic  fundamental 
studies  and  highly  applied  development  of  the  piezoelectric  and  electrostrictive  ferroelectric 
ceramics  which  carry  both  the  sensing  and  actuation  functions  for  adaptive  control.  The 
report  documents  work  over  the  third  year  of  this  five  year  program.  For  convenience  and 
continuity,  the  activities  are  grouped  under  the  headings”  General  Summary  Papers, 
Materials  Studies,  Composite  Sensors,  Actuator  Studies,  Integration  Issues,  Processing 
Studies,  Thin  Film  Ferroelectrics,  and  the  Abstracts  of  graduating  students  on  the  program. 

The  first  general  papers  illustrate  the  educational  role  undertaken  by  MRL  faculty 
both  in  the  basic  understanding  of  ferroics,  and  in  the  philosophy  of  their  application  in 
‘smart’  systems.  It  is  interesting  that  through  work  pioneered  on  earlier  ONR  programs  in 
MRL,  it  is  now  possible  to  measure  both  direct  and  converse  electrostrictive  response  in 
simple  solids,  and  to  thus  explore  models  to  explain  the  signs  and  magnitudes  of  these 
striction  constants.  The  relaxor  ferroelectrics  have  been  a  topic  of  study  for  more  than  30 
years  in  the  laboratory,  but  recent  breakthroughs  have  revolutionized  the  level  of 
understanding  and  opened  a  vista  for  further  potential  application  of  size  (scale)  effects  in 
ferroics.  Electrical  control  of  shape  memory  has  been  achieved  in  a  number  of  electro- 
ferroic  solids,  but  full  exploitation  will  need  more  complete  understanding  of  both 
ferroelectric  and  ferroelastic: ferroelectric  domain  wall  processes.  Photostriction,  the 
combination  of  photovoltaic  and  piezoelectric  effects  in  ceramics  promises  an  interesting 
range  of  new  device  possibilities. 

In  material  studies,  the  elegant  work  on  lanthanum  modified  lead  titanate  has  now 
been  fully  written  up,  and  the  vital  role  of  strain  coupling  in  the  onset  of  diffuse  response 
underscored.  New  experimental  methods  have  been  applied  to  separating  and  measuring 
intrinsic  and  extrinsic  components  of  response  in  PZT  ceramics  and  to  the  measurement  of 
microwave  properties  in  these  high  K  systems.  Soft,  intermediate,  and  hard  modified  lead 
zirconate  and  PZT  composition  have  been  under  study  for  new  and  more  interesting 
morphotropic  phase  boundaries  which  could  be  fabricated  in  single  crystal  form.  Both 
optical  birefringence  and  Raman  studies  are  being  used  to  explore  domain  and  phase 
changes. 

In  sensing  studies,  the  focus  has  been  maintained  upon  flextensional  (Moonie) 
structures  and  the  enhanced  performance  which  new  end  cap  designs  are  affording.  The 
pc=vvinylidene  fluoride/trifluoethylene  piezoelectrics  are  themselves  an  interesting 
coHiposite  system  where  the  lower  symmetry  demands  more  complete  characterization. 
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The  1:3  rod  and  tube  type  composites  have  many  performance  advantages  and  trade-offs 
which  will  ensure  wider  scale  application  now  that  economical  assembly  techniques  are  at 
hand. 

For  actuation,  the  flextensional  (Moonie)  offers  a  number  of  advantages  which 
merit  further  study.  Both  material  and  multilayer  device  related  fatigue  and  destruction 
mechanisms  are  under  study,  and  modes  to  control  and  alleviate  microcracking  and  space 
change  degradation  are  examined.  More  detailed  studies  of  the  photostriction  effects  and 
their  control  by  doping  effects  in  PZTs  have  also  been  accomplished. 

Integration  studies  have  continued  to  explore  the  components  which  must  be  co¬ 
processed  in  the  smart  material  or  adaptive  assemblage.  Examples  are  the  thick  film 
conductors  in  copper  or  silver/palladium,  the  0:3  high  density  piezoelectric  polymer 
composites  and  the  filter  functions  required  to  eliminate  cross  talk  in  the  wiring  system. 

Processing  studies  are  essential  to  the  fabrication  of  the  very  wide  range  of 
materials  demanded  by  all  elements  of  the  program.  Relaxor  materials  have  formed  the 
focus  for  many  processing  activities  but  more  recently  the  needs  for  high  strain  actuation 
are  refocusing  interest  on  phase  switching  antiferroelectric:ferroelectric  compositions  in  the 
high  lead  zirconate  PLZTs  and  PSnZTs  with  mounting  evidence  for  multiple  ferroelectric 
phases  appearing  under  high  fields. 

Thin  film  papers  have  been  selected  from  the  extensive  work  in  MRL  on 
ferroelectric  films  because  of  their  relevance  to  transduction  in  piezoelectric  or  phase 
switching  compositions. 


INTRODUCTION 

This  report  summarizes  work  carried  out  in  the  Materials  Research  Laboratory  of 
The  Pennsylvania  State  University  during  the  third  year  of  an  ONR  sponsored  University 
Research  Initiative  (URI)  entitled  “Materials  for  Adaptive  Structural  Acoustic  Control.” 
The  program  has  a  five  year  duration  and  is  being  carried  out  largely  in  five  sections  each 
reporting  to  a  senior  faculty  member. 

These  sections  are: 

Materials  Studies  A.S.  Bhalla 

Composite  Sensors  R.E.  Newnham 

Actuator  Studies  K.  Uchino 

Integration  Issues  J.  Dougherty 

Processing  Studies  T.R.  Shrout 

There  is  certainly  a  necessary  and  highly  desirable  overlap  between  many  of  the 
topic  areas,  the  reciprocity  of  the  piezoelectric  effect  ensures  that  many  of  our  most 
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interesting  actuator  concepts  will  find  use  in  modified  form  in  sensors  and  in  integrated 
systems.  The  composite  approaches  for  which  the  laboratory  is  justly  renowned  overlay 
strongly  with  the  integration  area  and  the  autonomous  cellular  structure  is  almost  essential 
for  any  truly  ‘smart’  active  material. 

Following  precedent  established  over  more  than  eighteen  earlier  annual  reports,  this 
document  presents  a  very  brief  narrative  summary  of  the  work  which  has  been 
accomplished  making  reference  for  back  up  to  the  seventy  one  published  studies  from  the 
group  which  are  included  as  the  technical  appendices  that  form  the  bulk  of  the  report. 

It  is  important,  however,  to  point  out  that  this  is  not  the  only  output  from  the 
program.  The  faculty,  post  doctorals  and  graduate  assistants  have  participated  in  thirty 
three  invited  lectures  at  national  and  international  meetings,  forty-one  invited  presentations 
at  university,  government,  and  industrial  laboratories  all  over  the  world  and  have 
contributed  sixty  four  papers  at  national  and  international  meetings. 

Following  precedent,  the  papers  in  this  report  are  grouped  under  the  topic  headings: 

1 .  General  Summary  Papers 

2.  Materials  Studies 

3.  Composite  Sensors 

4.  Actuator  Studies 

5.  Integration  Issues 

6.  Processing  Studies 

7 .  Thin  Film  Ferroelectrics. 

The  general  summary  papers  illustrate  rather  effectively  the  educational  role  which 
is  a  major  part  of  MRL  activity.  Basic  symmetry  arguments  form  an  essential  take-off 
point  for  understanding  all  ferroic  phenomena,  both  primary  and  secondary,  and  their 
applications  in  dielectric,  piezoelectric,  and  pyroelectric  systems. 

For  smart  materials  and  systems,  both  substance  and  philosophy  are  important.  In 
electrostriction,  the  phenomenology  of  electrorelastic  interaction  has  been  understood  since 
the  1890’s,  but  it  is  only  recently  through  work  largely  in  MRL  that  the  ultra  sensitive 
instrumentation  to  measure  both  direct  and  converse  effects  has  been  developed  so  that  it  is 
now  possible  to  explore  possible  origins  for  the  signs  and  magnitudes  of  the  polarization 
related  striction  constants.  Relaxor  ferroelectrics  form  the  basis  for  all  practical  useful 
electrostrictors,  and  recent  progress  in  understanding  the  phenomenon  merits  summary.  It 
would  appear  that  the  superparaelectric  model  originally  proposed  in  MRL  is  now  the 
effective  base  for  understanding,  though  interaction  now  leads  to  a  whole  panoply  of  glass 
like  properties  at  lower  temperatures.  This  evidence  of  the  role  of  scale  fundamentally 
modifying  the  ferroelectric  behavior  opens  the  possibility  for  further  application  of 
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controlled  scale  effects.  In  ferroic  ceramics,  electrical  control  of  shape  memory  becomes 
possible  with  huge  improvements  of  both  speed  and  efficiency;  however  more  work  is 
needed  to  understand  and  control  phase  and  domain  switching.  Photostriction  combines 
the  well  known  photovoltaic  and  piezoelectric  effects  in  ferroelectrics  to  give  most 
interesting  possibilities  for  optical  controlled  actuation. 

In  material  studies,  the  work  reported  earlier  on  the  lead  lanthanum  titanate  has  been 
formalized  and  published,  and  gives  a  tmly  elegant  and  compelling  evidence  of  the  major 
role  of  elastic  interaction  in  the  break  up  of  conventional  ferroelectricity  and  the  onset  of 
diffuse  transition  behavior.  Three  papers  on  experimental  methods  give  new  insight  into 
the  separation  of  intrinsic  (single  domain)  and  extrinsic  domain  wall  contributions  to 
piezoelectric  response,  and  a  caution  on  the  difficulty  of  applying  microwave  methods  to 
the  measurement  of  high  permittivity  dielectrics.  New  systems  are  explored  with 
interesting  morphotropic  phase  boundaries,  and  exceedingly  high  piezoelectric  response, 
systems  which  may  possibly  be  grown  in  single  crystal  form.  Both  optical  birefringence 
and  Raman  spectral  studies  have  been  used  to  explore  domain  and  phase  changes. 

In  sensing  studies,  the  flextensional  (Moonie)  structures  continue  to  offer  excellent 
scope  for  development,  with  new  end  cap  geometries  enhancing  performance.  A  limited 
study  in  cooperation  with  Acoustic  Associates  has  provided  the  first  complete  family  of 
parameters  for  a  well  characterized  commercial  polyvinylide  fluoride/trifluorethylene 
piezoelectric.  The  1:3  rod  and  tube  type  composites  have  been  shown  to  offer  many 
performance  advantages  for  large  area  receptors  and  in  actuation.  New  injection  moulding 
and  textile  assembly  techniques  promise  economical  fabrication  which  will  permit  much 
wider  application. 

For  actuation,  again  the  flextensional  (Moonie)  has  many  unique  features,  and 
studies  are  continuing.  For  all  actuators,  however,  reliability  is  a  major  concern.  There  are 
problems  which  are  clearly  associated  with  the  ferroelectric  material,  both  in  piezoelectric 
and  phase  switching  compositions  which  can  be  addressed.  There  are  also  a  separate 
family  of  problems  associated  with  the  multilayer  stmcture  in  practical  co-fired  actuators 
which  we  have  also  been  addressing.  In  the  photostrictors,  there  is  need  to  control  both 
electronic  stracture  for  the  photo  effect  and  ferroelectric  microstmcture  for  the  piezoelectric 
capability  so  that  doping  studies  are  essential  and  have  improved  response  remarkably. 

Integration  requires  the  assembly  of  a  wide  range  of  disperate  solids,  and  we  have 
continued  to  explore  a  wide  range  of  the  component  elements.  Example  under  study 
include  thick  film  conductors  in  copper  and  silver/palladium,  0:3  high  density  polymer 
ceramic  composites  and  the  complex  ferrite/ferroelectric  combinations  which  provide  most 
effective  filter  functions. 
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Processing  is  basic  to  all  of  the  manifold  materials  needs  on  the  program.  Relaxor 
ferroelectric  compositions  have  provided  focus  for  many  of  the  activities,  with  the 
problems  of  perovskite  generation  and  pyrochlore  elimination.  More  recently,  however, 
new  effort  is  being  mounted  on  the  high  lead  zirconate  antiferroelectrics  which  can  be  phase 
switched  to  ferroelectric  forms  with  corresponding  high  strains.  For  PLZT  and  PSnZT 
families,  there  is  mounting  evidence  of  ferroelectric.-ferroelectric  phase  switching  at  high 
field  levels. 

The  laboratory  has  very  extensive  work  on  ferroelectric  thin  films.  Only  three 
papers  are  presented  in  this  report  as  they  are  relevant  to  the  actuator  use  of  the  film 
systems. 

1.0  GENERAL  SUMMARY  PAPERS 

In  discussing  piezoelectric,  pyroelectric  and  ferroic  crystals  (Appendix  1), 
Newnham  et  al.  take  a  crystallographic  approach  delineating  the  symmetry  requirements 
and  the  tensorial  properties.  Simple  model  structures  illustrate  piezoelectricity, 
ferroelectricity  and  ferromagnetism.  Secondary  ferroic  phenomena  are  briefly  introduced. 
In  his  summary  of  electroceramics  in  the  1990’s  and  beyond  (Appendix  2),  Newnham 
focuses  upon  evolving  smart  materials  and  systems,  and  the  potential  for 
microminiaturization  in  such  electromechanical  devices.  Anisotropy  in  electrostriction  and 
elasticity  uses  the  modification  of  dielectric  permittivity  under  uniaxial  stress  to  measure  the 
electrostriction  constants,  and  looks  at  the  electrostriction  surfaces  in  several  common  cubic 
crystals  (Appendix  3).  Relaxor  ferroelectrics  are  reviewed  by  Cross  (Appendix  4)  with 
emphasis  upon  the  polarization  fluctuation  model  to  explain  response  in  both  perovskite 
and  tungsten  bronze  structure  relaxors.  Shape  memory  behavior  in  a  number  of  different 
ferroic  ceramics  is  explored  in  Appendix  5  showing  the  possibility  of  electrical  control  with 
associated  high  speed  and  high  efficiency.  It  is  shown,  however,  that  performance 
depends  critically  upon  domain  wall  behavior  in  every  instance.  Photostriction  and  its 
application  are  discussed  in  Appendix  6.  For  PLZT  ceramics  doped  with  WO3  and  excited 
with  violet  light,  the  response  is  large  enough  to  permit  a  range  of  photo  driven  relays  and 
small  walking  devices.  Sensor-actuator  combinations  are  considered  in  two  papers 
(Appendices  7  and  8)  for  vibration  control  and  elastic  compliance  conti-ol. 

2.0  MATERIALS  STUDIES 

The  thesis  work  of  Dr.  G.  Rossetti  is  summarized  in  the  two  papers  (Appendices  9 
and  10)  dealing  with  structural  aspects  of  the  behavior  of  the  lead  lanthanum  titanates.  It  is 
shown  that  the  change  from  sharp  ferroelectric,  to  diffuse,  to  relaxor  ferroelectric  behavior 
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is  moderated  by  strain  coupling  through  the  defect  fields  associated  with  the 
lanthanum/vacancy  population.  In  Appendix  11,  a  new  method  is  described  to  separate 
intrinsic  (single  domain)  and  extrinsic  (domain  wall)  contributions  to  piezoelectric 
response.  The  method  rests  on  the  fact  that  ferroelastic  ferroelectric  wall  motion  involves 
only  shear  deformations  and  thus  cannot  contribute  at  all  to  the  hydrostatic  response  (dh). 
The  important  of  90°  wall  motion  in  compositions  near  morphotropy  in  PZTs  is  confirmed 
in  Appendix  12  by  x-ray  diffraction.  Dangers  of  lumped  parameter  methods  for  microwave 
measurement  when  applied  to  high  permittivity  ceramics  are  highlighted  in  Appendix  13, 
and  a  new  modified  method  is  proposed  and  applied.  A  modified  (PbCa)Ti(CoW)03 
composition  is  proposed  in  Appendix  14  for  high  hydrostatic  sensor  performance  and  low 
aging.  In  Appendix  15,  acoustic  emission  has  been  used  to  explore  the  poling  process  in 
PZT  and  to  distinguish  between  emission  associated  with  domain  switching  and  that 
associated  with  microcracking.  Work  on  grain  grown  PLZTs  at  the  8/65/35  composition 
which  culminated  in  the  measurement  of  the  properties  of  a  single  grain  is  discussed  in 
Appendix  16.  Soft  piezoceramic  compositions  in  the  (l-x)PbSci/2Tai/203:xPbTi03 
composition  family  are  explored  in  Appendix  17,  yielding  high  permittivity  and  high 
coupling  (k33  ~  0.73)  behavior.  In  Appendix  18,  compositions  in  the  lead  zirconaterlead 
zinc  niobate,  lead  zirconatedead  titanate  near  the  antiferroelectric-to-ferroelectric  phase 
boundary  are  explored,  and  the  complex  piezoelectric,  elastic,  and  dielectric  parameters 
measured.  Appendix  19  extends  this  work,  in  addition  exploring  hysteresis  and 
pyroelectric  response.  The  very  square  loop  behavior  which  can  be  achieved  in  these 
PZZN  compositions  is  suggested  as  attractive  to  explore  for  thin  film  non  volatile  memory 
(Appendix  20).  Lead  indium  niobatedead  scandium  tantalate  is  a  most  interesting  solid 
solution  family  because  of  the  order/disorder  behavior  of  its  end  members.  PIN  is  a 
relaxor  which  orders  to  an  antiferroelectric  state;  PST  is  a  relaxor  which  orders  to  a 
ferroelectric.  Preliminary  results  for  some  compositions  in  the  PINrPST  system  are  given 
in  Appendix  21.  Dielectric  studies  on  the  single  crystals  Ko.6Lio.4Nb03  are  reported  in 
Appendices  22  and  23. 

Ba(Tii.xSnx)03  is  a  ceramic  which  can  develop  a  corershell  structure  and  show 
unique  electrostrictive  properties.  In  Appendix  24,  optical  studies  are  used  to  confirm  the 
unusual  trapped  domain  structure  and  its  behavior  under  electric  field.  Raman 
spectroscopy  has  been  used  in  the  study  in  Appendix  25  to  give  evidence  of  a  subtle  low 
temperature  phase  change  in  Bi4Ti30i2  single  crystals. 
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3.0  COMPOSITE  SENSORS 

General  considerations  for  piezoelectric  and  thermistor  composites  are  highlighted 
in  Appendix  26,  keys  to  control  are  through  connectivity,  symmetry  and  scale.  For  the 
metal  ceramic  composite  flextensional  (Moonie),  the  evolution  of  end  cap  design  is  evident 
through  Appendices  27, 28  and  29.  It  was  through  finite  element  studies  that  the  grooved 
end  cap  and  more  advanced  cymbal  designs  were  evolved.  Benefits  from  the  Moonie 
design  are  also  evident  in  the  actuator: sensor  vibration  controlling  integrated  structure 
discussed  in  Appendix  30.  A  fascinating  new  type  of  structure  evolved  from  very  small 
PZT  hollow  shells  produced  by  bubble  blowing  in  a  PZT  slurry  are  explored  in  Appendix 
31.  The  fired  PZT  shell  can  be  poled  and  excited  in  breathing  and  in  wall  thickness 
vibration  modes. 

The  PVF2:PTFE  polymers  are  composites  of  high  interest  for  sensing  functions. 
The  lower  symmetry  of  the  poled  polymer,  however,  leads  to  the  need  for  a  wide  family  of 
measurements  to  completely  characterized  elastic,  piezoelectric  and  dielectric  properties,  all 
of  which  are  complex  and  strong  functions  of  temperature.  This  task  is  taken  up  in 
Appendix  32  for  the  75/25  composition  over  the  temperature  range  from  -100  to  +65°C.  In 
Appendix  33,  a  simple  two  phase  model  is  proposed  which  accounts  well  for  the  measured 
parameters.  Different  types  of  1:3  composite  are  discussed  in  Appendices  34,  35  and  36. 
The  1:3  rod  composite  is  quantitatively  modeled  in  Appendix  34,  and  a  scheme  proposed  to 
evaluate  strain  profiles  under  hydrostatic  stress.  Appendices  35  and  36  deal  with  radially 
poled  tubular  1:3  composites  where  it  is  shown  that  effective  d33  and  d3i  may  be  made  of 
the  same  sign,  leading  to  very  high  hydrostatic  sensitivity. 

4.0  ACTUATOR  STUDIES 

Flextensional  (Moonie)  structures  applied  to  actuation  are  considered  in  Appendices 
37  and  38.  End  cap  profile  and  displacements  are  considered  for  single  and  multiple 
stacked  moonie  structures.  The  high  fields  required  for  sensible  displacements  in 
piezoceramics  demand  multilayer  structures  to  lower  terminal  voltages,  and  manufacturing 
technology  for  stacked,  cofired  and  hybrid  structures  are  discussed  in  Appendix  39. 
Reliability  problems  associated  with  cracking  at  field  (stress)  concentration  in  current 
multilayer  stmctures  are  discussed  in  Appendices  40, 41  and  42  for  piezoceramic  and  phase 
change  compositions.  In  high  AC  resonant  driving  conditions,  a  new  problem  emerges  in 
piezoceramics,  associated  with  charring  loss  levels  and  associated  heating.  These  stability 
problems  are  discussed  in  Append:  43.  Basic  fatigue  problems  in  PLZTs  subjected  to 
high  drive  polarization  switching  conditions  are  discussed  in  Appendix  44,  and  the 
precautions  necessary  to  achieve  long  life  (>10^  cycles)  are  delineated.  Appendix  45 
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discusses  the  use  of  acoustic  emission  in  exploring  phase  changes  in  the  Zr02:Y203 
system.  Work  upon  photostriction  is  discussed  in  Appendices  46  through  48.  Doping 
studied  in  ceramic  PZTs  have  led  to  enhanced  photovoltaic  performance.  Clearly,  the  state 
of  polarization  of  the  exciting  light  will  be  important  and  this  effect  has  been  examined  both 
in  ceramic  PZTs  and  in  single  crystal  PZN  samples.  Domain  structures  induced  by  electric 
fields  in  the  relaxor  lead  zinc  niobate  have  been  examined  by  optical  microscopy  (Appendix 
49).  Interesting  cooperative  motion  of  the  spindle  like  domains  which  evolve  under  field  at 
higher  temperatures  have  been  observed,  and  the  freezing  of  a  static  domain  structure  at 
lower  temperatures  observed.  Appendix  50  discusses  electro-optic  applications  of  PLZT, 
PZN  and  PMN:PT  ceramics.  Porous  PZTs  can  also  be  used  as  humidity  sensors  making 
use  of  conduction  due  to  adsorbed  protons  (Appendix  51).  Sputtered  PZT  thin  films  are 
examined  in  Appendix  52  where  both  stoichiometry  and  orientation  are  examined  for 
different  substrates  and  sputtering  conditions. 

5.0  INTEGRATION  ISSUES 

In  this  section,  components  necessary  for  effective  integration  are  discussed. 
Examples  of  integration  for  compliance  and  vibration  control  have  been  given  in 
Appendices  7,  8  and  30.  Studies  of  the  high  sensitivity,  high  density  0:3  piezoceramic 
polymers  have  continued  for  loading  up  to  85  volume%  ceramic,  leading  to  excellent 
piezoelectric  and  dielectric  characteristics  (Appendix  53).  A  patent  position  for  the 
fabrication  method  is  now  being  established.  Problems  associated  with  cofired  ceramic 
multilayer  structures  using  thick  film  conductive  inks  are  discussed  in  Appendix  54.  Both 
silver/palladium  conductors  (Appendix  55)  and  copper  conductors  (Appendix  56)  are  of 
major  interest  for  local  and  global  interconnect  in  ceramic  multilayer  structures  and  both 
have  specific  problems  and  limitations  for  application  which  are  discussed. 

For  dense  interconnect  systems,  as  in  packaging  or  in  smart  composite  structures, 
cross  talk  and  electromagnetic  interference  are  of  major  importance  so  that  filter  structures 
as  discussed  in  Appendices  57  and  58  are  of  significant  interest. 

6.0  PROCESSING  STUDIES 

The  group  maintains  a  continuing  interest  in  electrophoretic  and  dielectrophoretic 
processing  to  produce  chaining,  gradient  properties  and  patterned  microstructures  in 
polymer-ceramic  composites.  Appendix  59  examines  the  electrorheological  effects 
associated  with  the  onset  of  chaining  in  high  K  BaTi03  suspensions  under  electric  fields. 
Relaxor  ferroelectrics  also  offer  many  processing  challenges  particularly  in  lead  magnesium 
niobate  dead  titanate  with  the  need  to  broaden  the  temperature  range  of  high 
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electromechanical  response  (Appendix  60).  The  large  induced  piezo  response  in  these 
systems  suggests  many  potential  applications  in  agile  field  tunable  systems,  and  more  work 
to  characterize  both  high  and  low  field  responses  is  being  carried  out  (Appendix  61). 

A  second  area  of  major  interest  is  in  the  very  high  induced  strains  which  accompany 
field  forced  antiferroelectricTeiroelectric  phase  switching.  Current  studies  (Appendix  62) 
in  the  high  zirconia  PLZT  system  confirm  the  occurrence  of  more  than  one  induced 
ferroelectric  phase  with  ferroelectric:ferroelectric  transitions  clearly  delineated  in  both 
polarization  and  strain  behavior.  Indirect  evidence  for  additional  phase  change  can  be 
adduced  also  in  the  lanthanum  modified  PSnZT  system  (Appendix  62)  where  large 
continuing  field  induced  volume  change  after  the  original  anti-to  ferroelectric  switch  cannot 
be  explained  by  domain  wall  motion.  Design  for  a  new  type  of  electrostrictive  ultrasonic 
probe  has  been  developed  and  a  patent  #5,345,139  issued  for  this  invention.  For  all  the 
perovskite  type  relaxor  compositions,  processing  continues  to  be  plagued  by  the  alternative 
pyrochlore  structure  form.  An  innovative  lithium  sulphate:sodium  sulphate  eutectic  flux 
method  for  processing  PMN  is  described  in  Appendix  65. 

7.0  THIN  FILMS  FERROELECTRICS 

With  the  increased  interest  in  high  strain  actuator  compositions,  it  is  interesting  to 
know  if  antiferroelectric  ferroelectric  switching  and  the  associated  strain  can  be  induced  in  a 
thin  film  system.  Films  of  several  lanthanum  modified  PZSnT  were  fabricated  by  sol-gel 
methods  and  shown  to  exhibit  clear  phase  switching  under  high  field  (Appendix  66).  This 
work  has  now  continued  and  clear  “square  loop”  switching  with  large  associated  strain 
documented.  For  bismuth  titanate,  both  sputtering  and  evaporation  methods  have  been 
used  to  generate  thin  films  in  Appendix  67;  surface  morphology  associated  with  resputtered 
effects  are  explored.  In  sputter  deposited  BaTi03,  Appendix  68  explores  the  origins  of 
preferred  orientation  when  films  are  deposited  onto  a  silica  glass  substrate.  For  these 
studies,  the  texture  was  examined  for  the  as-deposited  film  without  post  deposition  thermal 
processing. 

8.0  GRADUATING  STUDENTS  ON  THE  PROGRAM 

The  thesis  work  of  graduating  students  on  the  program  provides  excellent 
background  and  summaries  of  major  topic  areas  under  study.  For  Aydin  Dogan 
(Appendix  69),  the  subject  was  “Flextensional  Moonie  and  Cymbal  Actuators,”  and  the 
document  traces  in  an  effective  clear  narrative  the  evolution  of  the  current  end  cap  designs 
which  have  more  than  doubled  the  effective  piezoelectric  response. 
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The  work  by  Hong  Wang  (Appendix  70)  gives  a  full  account  of  the  detailed 
measurements  on  PVF2:TRFE  composites,  for  the  full  family  of  elastic,  dielectric,  and 
piezoelectric  parameters.  The  work  also  covers  a  good  introduction  to  the  new  high  strain 
urethane  electrostrictive  polymers. 

Jim  Tressler  in  his  MS  thesis  (Appendix  71)  designed  a  simple 
sensor/feedback/actuator  system  based  on  the  flextensional  moonie  for  the  control  of 
vibration  in  the  range  from  100  Hz  to  6  kHz. 


Degrees  Awarded  to  Students  on  the  Contract 


H.  Wang 

PhD 

Solid  State  Science 

August  1994 

A.  Dogan 

PhD 

Materials  Science 

August  1994 

J.  Tressler 

MS 

Cferamic  Science 

December  1993 

9.0  HONORS  AND  AWARDS 


Name  of  Person  Recipient’s 

Receiving  Award  Institution 


Name,  Sponsor  and 
Purpose  of  Award 


A.  S.  Bhalla 


Penn  State  University  IEEE,  Elected  General  Chair 

for  ISAF9  held  at  Penn  State. 


L.  E.  Cross 


Penn  State  University  IEEE,  Elected  Distinguished 

UFFC  Lecturer  for 
1994-95. 


R.  E.  Newnham  Penn  State  University  Humboldt  Senior  Scientist  Award  from 

the  Humboldt  Society,  Bonn,  Germany. 

John  F.  McMahon  Memorial  Lecture, 
Alfred  University,  Alfred,  New  York. 

Keynote  Speaker,  International  Meeting  on 
Sensors,  Bad  Nauheim,  Germany. 

Plena^  Lecture,  Norwegian  Chemical 
Society  Meeting,  Trondheim,  Norway. 

Opening  Speech,  U.S.-Japan  Workshop  on 
Functional  Ceramics,  Tsukuba,  Japan. 


10.0  APPRENTICE  PROGRAM 

We  expected  to  have  three  summer  students  join  the  Intercollege  Materials  Research 
Laboratory  (IMRL)  as  part  of  the  ONR  DN  Apprentice  Program.  Unfortunately,  due  to 
circumstances  beyond  our  control,  we  only  had  one  participant.  Henry  Ruffin  III 
completed  the  IMRL  Summer  ‘94  DN  Apprentice  Program.  Henry  graduated  from 
Suitland  High  School  (5200  Silver  Hill  Road  Forestville,  Maryland  20747)  where  he  was 
involved  with  an  International  Baccalaureate  Program.  This  program  was  developed  to  set 
a  standard  for  advanced  placement  of  senior  high  school  students  in  the  United  States  and 
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120  other  participating  countries.  Henry  believed  this  program  encouraged  him  to  apply 
for  additional  opportunities  of  learning,  including  the  ONR  DN  Apprentice  Program. 

During  his  seven  week  study  program  at  the  IMRL,  Henry  assisted  on  a  number  of 
projects.  His  primary  responsibility  was  to  make  a  ferroelectric  ceramic  composition  and 
follow  it  through  to  completion.  This  hands-on  approach  provided  Henry  with  the 
opportunity  to  experience  the  number  of  steps  that  goes  into  electronic  ceramic  materials 
processing  and  testing.  According  to  Henry,  it  was  not  as  easy  as  he  anticipated.  He 
discovered  the  reality  of  research,  and  the  importance  of  managing  not  only  his  time,  but 
laboratory  equipment  usage  time  as  well.  In  addition  to  his  laboratory  responsibilities, 
Henry  was  also  taking  classes. 

Henry  will  be  returning  to  the  Pennsylvania  State  University  in  the  fall  as  a  pre  med 
student.  He  plans  to  be  a  surgeon.  While  materials  research  is  not  his  first  priority,  he 
understands  the  impact  of  the  technological  advances  made  in  this  field  on  his  chosen 
profession. 

Henry’s  overall  assessment  of  the  DN  Apprentice  Program  was,  “I  enjoyed  the 
professional  experience  of  being  part  of  a  team  and  working  with  others  toward  a  common 
goal.  Just  being  exposed  to  a  facility  like  the  IMRL  was  a  worthwhile  educational 
experience.” 
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J.  Appl  Phys.  73(3),  1403-1410  (1993). 

30.  Zhang,  Q.M.,  H.  Wang  and  L.E.  Cross,  “Piezoelectric  Tubes  and  Tubular 
Composites  for  Actuator  and  Sensor  Applications,”  J.  Mater.  Sci.  28(14),  3962- 
3968  (1993). 

31.  Dogan,  A.,  Q.  Xu,  K.  Onitsuka,  S.  Yoshikawa,  K.  Uchino  and  R.E.  Newnham, 
“High  Displacement  Ceramic  Metal  Composite  Actuators  (Moonies),”  Ferroelectrics 
156,  1  (1994). 

32.  Aburatani,  H.,  S.  Harada,  K.  Uchino,  A.  Furuta  and  Y.  Fuda,  “Destruction 
Mechanisms  in  Ceramic  Multilayer  Actuators,”  Jpn.  J.  Appl.  Phys.  33,  3091-3094 
(1994). 

33.  Takahashi,  S.,  S.  Hirose  and  K.  Uchino,  “Stability  of  PZT  Piezoelectric  Ceramics 
Under  Vibration-Level  Change,”  J.  Amer.  Ceram.  Soc.  77(9),  2429-32  (1994). 

34.  Jiang,  Q.Y.,  E.C.  Subbarao  and  L.E.  Cross.,  “Effect  of  Composition  and 
Temperature  on  Electric  Fatigue  of  La-Doped  Lead  Zirconate  Titanate  Ceramics,” 
J.Appl.  Phys.  75(11),  7433-7443  (1994). 
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11.0  PAPERS  PUBLISHED  IN  REFEREED  JOURNALS 

35.  Srikanth,  S.V.  and  E.C.  Subbarao,  “Acoustic  Emission  Study  of  Phase  Relations 
in  Low  Y2O3  Portions  of  Zr02-Y203  System,”  J.  Mater.  Sci.  29,  3363-3371 
(1994). 

36.  Chu,  S.Y.,  Z.  Ye  and  K.  Uchino,  “Photovoltaic  Effect  for  the  Linearly  Polarized 
Light  in  (Pb,La)(Zr,Ti)03  Ceramics,”  Smart  Afarcr.  Struct.  3,  114-117  (1994). 

37.  Lee,  D.,  J.  Yuk,  N.  Lee  and  K.  Uchino,  “Humidity-Sensitive  Properties  of 
Nb205-Doped  Pb(Zr,Ti)03,”  Sensor  and  Mater.  5(4),  231-240  (1994). 

38.  Wang,  S.F.,  J.P.  Dougherty,  W.  Huebner,  and  J.G.  Pepin,  “Silver-Palladium 
Thick  Film  Conductors,”  published  as  the  feature  article  in  Journal  of  the  American 
Ceramic  Society  77(12),  3051-72  (December  1994). 

39.  Fiallo,  H.H.,  J.P.  Dougherty,  S.J.  Jang,  R.E.  Newnham  and  L.  Carpenter, 
“Transmission  Properties  of  Metal-Semiconductor-Relaxor  Microstrip  Lines” , 
IEEE  Trans.  Microwave  Theory  &  Techniques  42(7),  1176-1182,  (July  1994). 

40.  Miller,  D.V.,  C.A.  Randall,  A.S.  Bhalla,  R.E.  Newnham  and  J.H.  Adair, 
“Electrorheological  Properties  of  BaTi03  Suspensions,”  Ferroelectrics  Lett.  15, 
141-151  (1993). 

41.  Brodeur,  Russell  P.,  Kamau  wa  Gachigi,  Philip  M.  Pruna  and  Thomas  R.  Shrout, 
“Ultra-High  Strain  Ceramics  with  Multiple  Field-Induced  Phase  Transitions,” 
J.Am.  Ceram.  Soc.  77(11),  3042  (1994). 

42.  Yoon,  K.H.,  Y.S.  Cho,  D.K.  Kang,  K.  Uchino  and  K.Y.  Oh,  “Effects  of  Eutectic 
Lithium  Sulphate  Sodium  Sulphate  Flux  on  the  Synthesis  of  Lead  Magnesium 
Niobate,”  Ferroelectrics  160, 255  (1994). 

43.  Brooks,  K.G.,  J.  Chen,  K.R.  Udayakumar  and  L.E.  Cross,  “Electric  Field  Forced 
Phase  Switching  in  La-Modified  Lead  Zirconate  Titanate  Stannate  Thin  Films,” 
J.Appl.  Phys.  75(3),  1699-704  (1994). 

44.  Ghosh,  P.K.,  A.S.  Bhalla  and  L.E.  Cross,  “Surface  Morphology  of  r.f.  Sputtered 
Bismuth  Titanate  Thin  Films,”/.  Materials  Science  29, 4659-4662  (1994). 

45.  Lee,  N.Y.,  T.  Sekine,  Y.  Ito  and  K.  Uchino,  “Deposition  Profile  of  RF- 
Magnetron-Sputtered  BaTi03  Thin  Films,”  Jpn.  J.  Appl.  Phys.  33,  1484-88 
(1994). 


12.0  INVITED  PRESENTATIONS  AT  NATIONAL  AND 
INTERNATIONAL  MEETING 

1 .  Uchino,  K.,  “Photostriction  and  Its  Applications,”  Amer.  Ceram.  Soc.  Pac.  Rim 
Conf.,  Hawaii  (November  7-10,  1993). 

2.  Takahashi,  S.,  S.  Hirose,  K.  Uchino  and  K.Y.  Oh,  “Electro-Mechanical 
Characteristics  of  PZT  under  High  Vibration  Level,”  9th  Int’l  Symp.  Appl. 
Ferroelectrics,  State  College  (August  7-10, 1994). 
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12.0  INVITED  PRESENTATIONS  AT  NATIONAL  AND 
INTERNATIONAL  MEETING  (continued) 

3 .  Uchino,  K.,  “Piezoelectric  ActuatorsAJltrasonic  Motors  -  Their  Developments  and 
Markets,”  9th  Inf  I  Symp.  Appl.  Ferroelectrics,  State  College  (August  7-10, 1994). 

4.  Uchino,  K.,  “New  Piezoelectric  Devices  for  Smart  Actuator  Sensor  Systems,”  4th 
Inf  I  Conf.  Electronic  Ceram.  &  Appl.,  Aachen,  Germany  (September  5-7, 1994). 

5.  Takahashi,  S.,  S.  Hirose  and  K.  Uchino,  “Piezoelectric  Characteristics  in  PZT 
Under  High  Vibration  Level,”  Amer.  Ceram.  Soc.,  Los  Angeles  (Fall  1994). 

6.  Newnham,  R.E.,  “Resistivities  of  Conductive  Composites,”  International 
Symposium  on  Interfaces  in  Ionic  Materials,  SchloP  Ringbert,  Germany  (March  7- 
11,  1994). 

7 .  Newnham,  R.E.,  “Composite  Sensors  and  Actuators,”  Keynote  address  at 
International  Meeting  on  Sensors,  VDE  Meeting  at  Bad  Nauheim,  Germany  (March 
13-16,  1994) 

8.  Randall,  C.A.,  C.P.  Bowen,  T.R.  Shrout  and  R.E.  Newnham,  “Dielectrophoresis: 
A  Means  to  Assemble  Particulate-Polymer  Composites,”  American  Ceramic  Society 
Annual  Meeting,  Indianapolis,  IN  (April  24-27, 1994). 

9.  Cann,  D.P.,  J.P.  Dougherty  and  R.E.  Newnham,  “Characterization  of  Ceramic 
Bismuth  Pyrochlore  Compounds,”  American  Ceramic  Society  Annual  Meeting, 
Indianapolis,  IN  (April  24-27, 1994). 

10.  Newnham,  R.E.,  “Smart  Ceramics  and  Structure-Property  Relations,”  Annual 
Meeting  of  Norwegian  Chemical  Society,  Norwegian  Institute  of  Technology, 
Trondheim,  Norway  (May  2-3, 1994). 

1 1 .  Newnham,  R.E.,  “Composite  Sensors  and  Actuators,”  Simtec-World  Ceramic 
Congress,  Florence,  Itdy  (July  1-4, 1994). 

12.  Sundar,  V.  and  R.E.  Newnham,  “Electrostriction  Measurements  in  Diffuse 
Transition  Materials  and  Perovskite  Glass  Ceramics,”  IX-ISAF,  Penn  State 
University,  University  Park,  PA  (August  7-10,  1994). 

13.  Newnham,  R.E.,  “Composite  Transducers  and  Actuators,”  IX-ISAF,  Penn  State 
University,  University  Park,  PA  (August  7-10,  1994). 

14.  Newnham,  R.E.,  Quartz  Workshop,  Invited  speaker  on  Microscopic  Twinning, 
Naval  Research  Laboratory,  Surface  Modification  Branch,  Washington,  DC 
(September  19-20,  1994). 

15.  Newnham,  R.E.,  “Composite  Sensors  and  Actuators,”  Mexican  Society  for 
Instrumentation  of  the  IKth  Congress  of  Instrumentation,  Cancun,  Mexico 
(September  26-30, 1994). 

1 6.  Newnham,  R.E.,  “Composite  Piezoelectric  Sensors  and  Actuators,”  Materials 
Research  Society  Meeting,  Boston,  MA  (November  28  -  December  2, 1994). 
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12.0  INVITED  PRESENTATIONS  AT  NATIONAL  AND 
INTERNATIONAL  MEETING  (continued) 

1 7 .  Newnham,  R.E.,  “Composite  Electroceramics,”  Japan-US  Workshop  on 
Functional  Fronts  in  Advanced  Ceramics,  Tsukuba,  Japan  (December  6-8, 1994). 

18.  Cross,  L.E.,  “The  Role  of  Domain  Walls  Phase  and  Grain  Boundaries  in  the 
Polarization  Processes  of  Polycrystalline  Ceramic  Ferroelectrics,”  International 
Symposium  on  Interfaces  in  Ionic  Materials,  SchloP  Ringbert  (March  7-11, 1994). 

19.  Cross,  L.E.,  “Applications  of  Ferroelectrics:  Past,  Present  and  Future  (invited 
overview),” /SAF' 94,  State  College,  PA  (August  8,  1994). 

20.  Newnham,  R.E.,  “Size  Effects  in  Ferroic  Solids,”  Gordon  Research  Conference  on 
Dielectric  Phenomena,  Holdemess  School,  New  Hampshire  (July  31 -August  5, 
1994). 

2 1 .  Newnham,  R.E.,  “History  and  Recent  Developments  of  Composite  Rezoelectric 
Transducers,”  Symposium  on  Transducteurs  Piezo-Electriques  Innovants:  des 
Materiaux  aux  Applications,  Ecole  dTngeniurs  de  Tours,  France  (November  7-8, 
1994). 

22.  Cross,  L.E.,  “Ferroelectric  Materials  for  Electromechanical  Transducer 
Applications,”  Symposium  on  Transducteurs  Piezo-Electriques  Innovants:  des 
Materiaux  aux  Applications,  Ecole  d’Ingeniurs  de  Tours,  France  (November  7-8, 
1994). 

23.  Cross,  L.E.,  “Feroelectric  Ceramics:  Materials  and  Applications  Issues, 
ACS/ISHUM  Joint  Fall  Meeting,  Boston,  MA  (November  15, 1994). 

24.  Cross,  L.E.,  “Sensor  and  Actuator  Materials  for  Smart  Systems,”  MRS  Meeting, 
Boston,  MA  (November  28,  1994). 

25.  Cross,  L.E.,  “Ferroelectric  Materials  for  Electromechanical  Transducer 
Applications,”  15  th  Annual  Meeting  of  IEEE  Ultrasonics  (Japan),  Kyoto,  Japan 
(November  30,  1994). 

26.  Cross,  L.E.,  “Ferroelectric  Ceramics  for  Sensor  and  Actuator  Applications,” 

5th  Inf  I  Meeting  on  Adaptive  Structures,  Sendai,  Japan  (December  15, 1994). 

27.  Cross,  L.E.,  “Ferroelectric  Materials  for  Electromechanical  Transducer 
Applications,” /t/A/RSZ/CEM  94,  Hsinchu,  Taiwan  (December  19,  1994). 

28.  Zhang,  Q.M.,  “Electrostrictive  Materials  and  Piezocomposites  for  Transducer 
Applications,”  Schlumberger-Doll  Research  Center,  Connecticut 
(December  5,  1994). 

29.  Dogan,  A.,  S.  Yoshikawa,  K.  Uchino  and  R.E.  Newnham,  “Flextensional  Moonie 
Actuator:  New  Cap  Design  and  Reliability,”  IEEE  International  Ultrasonics 
Symposium,  Cannes,  France  (November  1-4,  1994) 
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12.0  INVITED  PRESENTATIONS  AT  NATIONAL  AND 
INTERNATIONAL  MEETING  (continued) 

30.  Wenwu  Cao,  "Electron  Miaoscopy  in  the  Study  of  Domains  and  Domain  Walls  in 
Ferroelectrics"  52nd  Annual  Meeting  of  Microscopy  Soc.  Am.  and  28th  Annual 
Meeting  of  Microbeam  Analysis  Soc.,  New  Orleans,  Louisiana 

(July  31  -  Aug.  5,  1994). 

3 1 .  Wenwu  Cao,  "Modeling  of  Piezoelectric  Ceramic-Polymer  Composite 
Transducers",  Ultrasonic  Transducer  Engineering  Workshop,  University  Park,  PA 
(Aug.  17-19,  1994). 

32.  Wenwu  Cao,  "Elastic  and  Electric  Constraints  in  the  Formation  of  Ferroelectric 
Domains",  3rd  International  Symposium  on  Domain  Structure  of  Ferroelectrics  and 
Related  Materials,  Zakopane,  Poland  (September  6-9, 1994). 

33.  Wenwu  Cao,  "Coupling  between  primary  and  secondary  order  parameters  in 
ferroelectric  phase  transitions",  European  Meeting  on  "Kinetic  Processes  in 
F err oelastic  Materials",  Hamburg,  Germany  (January  15-17, 1995). 

13.0  INVITED  PAPERS  PRESENTED  AT  UNIVERSITY, 

GOVERNMENT,  AND  INDUSTRIAL  LABORATORIES 

1 .  Newnham,  R.E.,  “Piezoelectric  and  Electrostrictive  Ceramics,”  Max  Planck 
Institute,  Stuttgart  (March  21, 1994). 

2.  Newnham,  R.E.,  “Smart  Ceramics  and  Integrated  Ceramics,”  Chemistry 
Department,  University  of  Stuttgart,  Germany  (two  lectures)  (March  29-30, 1994). 

3.  Newnham,  R.E.,  “Symmetry,  Sensors  and  Actuators,”  O.N.R.  Transducer 
Symposium  at  Penn  State  University  (April  11-13, 1994). 

4.  Newnham,  R.E.,  “Composite  Transducers,”  Bosch  Central  Research  Laboratory, 
Stuttgart,  Germany  (April  20,  1994). 

5.  Newnham,  R.E.,  “Piezoelectric  and  Electrostrictive  Ceramics,”  Fraunhofer 
Institute,  Wurzburg,  Germany  (April  28, 1994). 

6.  Newnham,  R,E.,  “Integrated  Ceramics,”  Materials  Science  Dept.,  University 
Technical  College  of  Hamburg,  Germany  (May  4-6, 1994). 

7 .  Newnham,  R.E.,  “Composite  Actuators,”  Electrical  Engineering  Dept.,  Rhineland- 
Westphalen  Technical  Hochschule,  Aachen,  Germany  (May  10-14, 1994). 

8 .  Newnham,  R.E.,  “Resistivities  of  Conductive  Composites,”  Research  Laboratory, 
Asea  Brown  Boveri  Ltd.,  Baden,  Switzerland  (May  17, 1994). 

9.  Newnham,  R.E.,  “Composite  Actuators,”  E.T.H.L.  University  of  Lausanne,  Dept, 
of  Materials,  Lausanne,  Switzerland  (May  19, 1994). 

10.  Newnham,  R.E.,  “Symmetry,  Sensors  and  Actuators,”  Chemistry  Dept., 
University  of  Munster  (May  25, 1994). 
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13.0  INVITED  PAPERS  PRESENTED  AT  UNIVERSITY, 

GOVERNMENT,  AND  INDUSTRIAL  LABORATORIES  (continued) 

1 1 .  Newnham,  R.E.,  “Composite  Sensors  and  Actuators,”  Electrotechnology  Dept., 
University  of  Karlsruhe,  Karlsruhe,  Germany  (June  2-4, 1994). 

12.  Newnham,  R.E.,  “Integrated  Ceramics,”  Harris  Semiconductor  Co.,  Dundalk, 
Ireland  (June  8-10, 1994). 

13.  Newnham,  R.E.,  “Smart  Ceramics,”  Max-Planck  Institut  fiir  Mikrostrukturphysic, 
Halle,  Germany  (June  12-13, 1994). 

14.  Newnham,  R.E.,  “Size  Effects  in  Ferroic  Materials,”  Institute  for  New  Materials 
(INM),  Saarbrucken  and  Fraunhofer  Institute  for  Biomedical  Research,  St.  Ingbert 
(June  15-16,  1994). 

15.  Newnham,  R.E.,  “Resistivity  of  Conducting  Composites,”  Asea,  Brown  Boveri 
(ABB)  Research  Lab.,  Baden,  Switzerland  (June  19-20,  1994). 

16.  Newnham,  R.E.,  “Piezoelectric  and  Electrostrictive  Ceramics,”  Department  of 
Mineralogy,  University  of  Heidelberg,  Heidelberg,  Germany  (June  23,  1994). 

17.  Newnham,  R.E.,  “Review  of  European  Electroceramic  Research,”  Center  for 
Dielectric  Studies  Fall  Meeting,  IMRL,  PSU  (October  4-5, 1994). 

18.  Newnham,  R.E.,  “Ceramic  Engineering  in  the  Twenty-First  Century:  Scaling  Up 
and  Scaling  Down,”  McMahon  Memorial  Lecture  at  Alfred,  New  York  State 
College  of  Ceramics,  Alfred,  New  York  (October  27, 1994). 

19.  Newnham,  R.E.,  “Composite  Sensors  and  Actuators,”  Electrical  Engineering 
Department  Seminar,  University  of  Trondheim,  Norway. 

Cross,  L.E.,  “Ferroelectric  Materials  for  Electromechanical  Transducer  Applications,” 
1994/95  IEEE  Distinguished  Lecturer  Lectures 

20.  Siemens  Central  Research  Laboratory,  Miinchen,  Germany 
(September  11-12, 1994) 

21.  Max-Planck  Laboratories,  Stuttgart,  Germany  (September  14,  1994). 

22.  Materials  Research  Laboratory,  Carnegie  Mellon  University,  Pittsburgh, 
Pennsylvania,  USA  (October  26, 1994). 

23.  Electrical  Engineering  School,  Carnegie  Mellon  University,  Pittsburgh, 
Pennsylvania,  USA  (October  27, 1994). 

24.  Laboratoire  de  Biophysique  Medicale,  Cedex,  France  (November  7-8, 1994). 

25.  Laboratoire  de  Chimie  du  Solide  du  CNRS,  Bordeaux,  France  (November  9- 
10,  1994). 

26.  IEEE  Ultrasonics  Meeting,  Kyoto,  Japan  (November  30, 1994). 

27.  Murata  Manufacturing  Co.,  Kyoto,  Japan  (December  1, 1994). 
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13.0  INVITED  PAPERS  PRESENTED  AT  UNIVERSITY, 

GOVERNMENT,  AND  INDUSTRIAL  LABORATORIES  (continued) 

Cross,  L.E.,  "Ferroelectric  Materials  for  Electromechanical  Transducer  Applications,” 

1994195  IEEE  Distinguished  Lecturer  Lectures  (continued) 

28.  Mtg.  Adaptive  Structures  ICAS,  Sendai  International  Center,  Sendai,  Japan 
(December  5,  1994). 

29.  Tohoku  University,  Electrical  Engineering  Dept. (Sponsored  by  Tokin  Corp.), 
Sendai,  Japan  (December  7, 1994). 

30.  Toshiba  Corporation,  Central  Research  Laboratory,  Kawasaki,  Japan 
(December  8,  1994). 

3 1 .  150th  Mtg.  of  Japan  Society  for  the  Promotion  of  Science,  Tokyo,  Japan 
(December  9,  1994). 

32.  Tsinghua  University,  Beijing,  China  (December  12, 1994). 

33.  Xian  Jiaotong  University,  Xian,  China  (December  14, 1994). 

34.  Shanghai  Ceramic  Society,  Shanghai,  China  (December  16, 1994). 

35.  Shanghai  Institute  of  Ceramics,  Functional  Ceramics  Laboratory,  Shanghai, 
China  (December  16, 1994). 

36.  ICEM,  Intemational  Materials  Society  Meeting,  Hsincho,  Taiwan 
(December  18,  1994). 

37.  IEEE  Central  Pennsylvania  Section  &  Signal  Processing  Chapter,  University 
Park,  Pennsylvania  (January  19,  1995). 

3  8 .  Prairie  View  A&M  University,  College  of  Engineering  and  Architecture, 
Prairie  View,  Texas  (January  30, 1995) 

39.  Prairie  View  A&M  University,  Center  for  Materials,  Microdesign  and 
Microfabrication,  Prairie  View,  Texas  (January  30, 1995). 

40.  Texas  A&M,  Dept,  of  Electrical  Engineering,  College  Station,  Texas 
(January  31,  1995). 

4 1 .  Wenwu  Cao,  'Domains  and  Domain  Walls  in  Ferroelectrics— Theory  and 

Experiments",  Swiss  Federal  Institute  of  Technology,  Lausanne,  Jan.  13, 1995. 


14.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND 
INTERNATIONAL  MEETINGS 

1 .  Uchino,  K.,  “Drive/Control  Techniques  of  Ceramic  Actuators:  General  Review,” 
8th  Smart  Actuator  Symp.,  State  College,  PA  (January  20-21, 1994). 

2 .  Uchino,  K.,  “Control  Techniques  of  Ultrasonics  Motors,”  8th  Smart  Actuator 
Symp.,  State  College,  PA  (January  20-21, 1994). 
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14.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND 
INTERNATIONAL  MEETINGS  (continued) 

3 .  Uchino,  K.,  “Active/Passive  Vibration  Damping,”  8th  Smart  Actuator  Symp.,  State 
College,  PA  (January  20-21, 1994). 

4.  Oh,  K.Y.  and  K.  Uchino,  “Shape  Memory  Ceramic  Actuators,”  8th  Smart  Actuator 
Symp.,  State  College,  PA  (January  20-21, 1994). 

5.  Uchino,  K.,  S.  Takahashi,  S.  Hirose  and  J.  Zheng,  “Drive  Voltage  Dependence  of 
Electromechanical  Coupling  in  Piezoelectric  Ceramics,”  Mat.  Res.  Soc.  Mtg., 
Boston,  MA  (November  28-December  2, 1994). 

6.  Hirose,  S.,  S.  Takahashi  and  K.  Uchino,  “Measuring  Methods  for  High-Power 
Characteristics  of  Piezoelectric  Materials,”  Mat.  Res.  Soc.  Mtg.,  Boston,  MA 
(November  28-December  2, 1994). 

7.  Oh,  K.Y.,  H.  Yamamoto,  K.  Uchino  and  L.E.  Cross,  “Optical  Study  of  Domains 
in  Antiferroelectric  Ceramics,”  Mat.  Res.  Soc.  Mtg.,  Boston,  MA  (November  28- 
December  2, 1994). 

8.  Chu,  S.Y.  and  K.  Uchino,  “Photostrictive  Effect  in  PLZT-Based  Ceramics  and  Its 
Applications,”  Mat.  Res.  Soc.  Mtg.,  Boston,  MA  (November  28-December  2, 
1994). 

9.  Zheng,  J„  H.  Yamamoto,  P.  Moses,  S.  Takahashi  and  K.  Uchino,  “Uniaxial 
Stress  Dependence  of  Piezostriction,”  Mat.  Res.  Soc.  Mtg.,  Boston,  MA 
(November  28-December  2, 1994). 

10.  Takahashi,  S.,  S.  Hirose  and  K.  Uchino,  “Electro-Mechanical  Properties  of 
PbZr03-PbTi03-Pb(Mni/3Sb2/3)03  Under  Vibration-Level  Change,”  Mat.  Res. 
Mtg.,  Boston,  MA  (November  28-December  2, 1994). 

11.  Mulvihill,  M.L.,  L.E.  Cross  and  K.  Uchino,  “Dynamic  Domain  Observation  in 
Relaxor  Ferroelectrics,”  1994  ONR  Transducer  Materials  and  Transducers 
Workshop,  State  College,  PA  (April  11-13, 1994). 

12.  Uchino,  K.,  S.  Takahashi  and  Z.  Ye,  “Compact  Piezoelectric  Ultrasonic  Motors,” 
1994  ONR  Transducer  Materials  and  Transducers  Workshop,  State  College,  PA 
(April  11-13,  1994). 

13.  Dogan,  A.,  S.  Yoshikawa,  K.  Uchino  and  R.E.  Newnham,  “Flextensional 
‘Moonie’  Actuator:  New  Endcap  Design  and  Reliability,”  1994  ONR  Transducer 
Materials  and  Transducers  Workshop,  State  College,  PA  (April  1 1-13, 1994). 

14.  Oh,  K.Y.,  K.  Uchino  and  L.E.  Cross,  “Optical  Study  of  Ba(Ti,Sn)03  Ceramics,” 
9th  Smart  Actuator  Symposium,  State  College,  PA  (April  20-21, 1994). 

15.  Mulvihill,  M.L.,  L.E.  Cross  and  K.  Uchino,  “Domain  Reversal  Mechanisms  in 
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PIEZOELECTRIC,  PYROELECTRIC 
AND  FERROIC  CRYSTALS 


R.  E.  Newnham,  S.  Trolier-McKinstry  and  j.  R.  Giniewicz 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


INTRODUCTION 

A  classification  scheme  for  the  thirty-two  crystallographic  point 
groups  with  respect  to  the  electrical  phenomena  associated  with  a 
particular  crystal  class  is  pictured  in  Figure  1.  Twenty-one  point  group 
symmetries  are  acentric  and  all  but  one  of  these  are  piezoelectric, 
developing  an  electric  polarity  under  an  applied  stress.  There  are  among 
the  twenty  piezoelectric  classes  ten  polar  or  pyroelectric  point  groups 
which  possess  a  unique  polar  axis,  a  vector  direction  unrelated  by  symmetry 
to  any  other  direction  in  the  crystal.  Such  crystals  contain  a  "built-in" 
spontaneous  polarization  P(s).  Ferroelectric  crystals  are  pyroelectric 
crystals  with  a  reorientable  spontaneous  polarization.  This  switching 
process  is  accomplished  by  the  movement  of  domain  walls  and  is 
characterized  by  a  hysteresis  loop  between  the  polarization  and  the 
electric  field. 

Many  of  the  physical  properties  of  crystals  can  be  formulated  in  tensor 
notation.  Tensors  are  defined  in  terms  of  transformations  from  one 
orthogonal  axial  system  to  another.  Letting  xi,  xj,  X3  be  the  old  axes  and 
x'l.  ^'2'  x'3  be  the  new  set,  then  ajj  (i,j=l,2,3)  is  a  set  of  nine  numbers 
representing  the  cosines  of  the  angles  between  the  new  axes  x'j  and  the  old 
axes  xj.  The  axes  transform  according  to  the  equations  x’i=ajjxj  where 
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symmetry  elements  of  the  point  group  of  the  crystal.  Magnetic  symmetry 
and  magnetic  properties  require  special  consideration  (Birss,  1964). 

Defining  relations  for  the  tensor  properties  considered  in  the  following 
sections  are  summarized  in  Table  1.  A  more  detailed  treatment  of  these 
properties  and  the  various  ferroic  phenomena  will  be  presented  next  with 
selected  mineral  and  mineral-related  examples. 

TABLE  1 

The  rank  of  some  tensor  properties. 


PROPERTY 

POLAR  TENSOR 

AXIAL  TENSOR 

TENSOR  RANK 

Density  (p| 

Specific  Heat  |C| 

Optical  Rotatory  Power  |PI 

M  =  pV 

8q  =  CpST 

P  =  )t/Xoln|-n,) 

Zero 

Pyroelectricity  Inj) 
Pyromagnetism  (Qj| 

Pi  =  HI  AT 

M  =  Qi  AT 

First 

Electric  Susceptiliility  (Kjjl 
Magnetic  Susceptibility  (xiji 
Magnetoelectric  Effect  lajjl 

Pi  =  Kij  Ej 

Mi  =  xij  Hj 

Mi  =  aij  Ej 

Second 

Piezoelectric  Effect  (dji^] 
Magnetoelastic  Effect  (Qijid 

Pi  =  dijk  ajk 

Mi  =  Qijk  Ojk 

Third 

Elastic  Compliance  Uijkll 

6ij  =  sijkl  Ojk 

Fourth 

PIEZOELECTRICITY 

The  direct  piezoelectric  effect  is  manifested  for  an  acentric  crystal  in 
the  development  of  an  electric  charge  or  polarization  under  an  applied 
stress.  The  linear  relationship  between  the  induced  polarization  and  the 
applied  stress  is  expressed  in  tensor  form  as: 

Pi=dijkOjk  |i,j,k=l,2,3| 

where  Pj  is  induced  polarization,  Ojk  is  the  second-rank  stress  tensor,  and 
dijk  is  the  third-rank  tensor  quantity  relating  the  two,  identified  as  the 
piezoelectric  coefficient  with  units  of  IpC/N).  It  is  evident  in  this 
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relationship  that  the  directions  of  the  induced  polarization  under  equal 
tensile  and  compressive  stresses  will  be  opposite  in  sense. 

The  converse  piezoelectric  effect  is  observed  when  an  applied  electric 
field  [Ejl  produces  a  strain  [e  jkl,  expressed  as: 

^jk“^jki^i  li/j/h,=l,2,3l 

where  the  units  for  djjk  hi  this  case  arc  |m/Vl.  The  piezoelectric 
coefficients  defined  for  both  effects  are  numerically  equivalent  and  the 
units  associated  with  one  arc  readily  converted  to  that  of  Ihc  other  by 
simple  arithmetic  manipulation. 

Both  the  direct  and  the  converse  piezoelectric  coefficients  are  often 
expressed  in  a  compressed  matrix  notation  djj,  where  i  describes  the 
polarization  direction  and  j  the  stress.  In  this  notation,  j  ranges  from  1  to  6, 
so  that  a],  02,  and  03  correspond  to  stresses  directed  along  the  xi,  and 
X3  axes,  and  04.  05,  and  05  to  shear  around  the  same  axes.  It  is  important 
to  note  that  while  the  piezoelectric  effect  can  be  expressed  as, 

Pi=dijaj  Ii,=l,2,3;  j  =  1, 2, ...,  61 

dij  docs  not  transform  as  a  second  rank  tensor  (Nye,  1985). 

The  electromechanical  coupling  factor,  k^,  which  is  defined  as  the 
ratio  of  the  output  energy  to  input  energy  is  typically  used  to  evaluate  the 
strength  of  the  piezoelectric  response  of  a  crystal.  It  is  determined  for  the 
material  in  terms  of  the  pertinent  resonant  frequencies  of  a  particular 
vibrational  mode.  The  values  for  a  variety  of  piezoelectric  materials 
are  shown  in  Table  2. 

TABLE  2 

Electromechanical  coupling  coefficients  for  commercially 
useful  piezoelectric  materials  (from  Jaffe  et  at.,  1971). 


m;^ter!aC - 

k2 

Quartz 

0.01 

Barium  Titanate  ceramics 

0.16 

Lead  Zirconate  Titanate  ceramics 

0.25  -  0.4^ 

Rochelle  Salt 

0.81 
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Crystals  made  up  of  acentric  molecular  groups  have  a  greater 
probability  of  being  piezoelectric  than  those  containing  centric  groups. 
Consequently,  many  materials  composed  of  tetrahedrally  coordinated 
cations,  including  a-quartz  and  zincblende  are  piezoelectric.  The  symmetry 
of  the  regular  tetrahedron  is  43m,  which  is  not  centrosymmetric.  Most 
piezoelectric  crystals  have  rather  complicated  structures,  but  zincblende 
(cubic  ZnS)  is  relatively  simple.  Zincblende  belongs  to  crystal  class  43m, 
which  has  just  one  independent  piezoelectric  coefficient,  I’l  =  di404,  in 
matrix  notation.  P4  represents  an  electric  polarization  along  jlOOl  and  04  is 
a  shearing  stress  about  [1(K)1.  Jaffe  (Jaffe,  1944)  described  a  model  showing 
how  the  sign  and  magnitude  of  the  piezoelectric  coefficient  di4  is  related  to 
structure.  When  subjected  to  a  shearing  stress  04,  the  crystal  shears  about  x, 
changing  the  angle  between  y  and  z  by  an  amount  E4  =  S44  04.  The  effect  on 
a  single  tetrahedron  in  the  zincblende  structure  is  shown  in  Figure  2.  When 
sheared  about  a  cube  axis,  the  two  upper  zinc  atoms  move  closer  to  the 
sulfur,  while  the  lower  two  move  further  away.  To  maintain  four  equal 
bonds,  the  sulfur  atom  moves  down  in  the  -x  direction,  toward  the  more 
distant  zinc  neighbors.  From  the  geometry,  the  dipole  moment  per  molecule 
developed  along  x  is  -qae4/4,  where  q  is  the  charge  of  the  sulfur  ion  and  a  is 
the  unit  cell  dimension.  Since  there  are  four  molecules  per  cell,  and  all 
tetrahedra  behave  alike'  under  the  shearing  stress,  the  resultant 
polarization  is  Pi  =  giving  di4  =  q  Substituting 

experimental  values  for  a,  S44,  and  di4,  Jaffe  obtained  q  =  ().25e,  a 
reasonable  value  for  the  charge,  since  the  bonding  is  largely  covalent. 

By  far,  the  most  commercially  imjxjrtant  piezoelectric  crystal  is  a- 
quartz.  When  an  alternating  electric  field  is  applied  to  an  eleciroded 
crystal,  it  is  forced  into  mechanical  vibration  via  the  piezoelectric  effect. 
As  the  frequency  of  the  oscillating  field  is  varied,  Ihe  crystal  undergoes  a 
series  of  resonances  which  depend  on  both  the  device  geometry  and  the 
stiffness  and  density  of  the  material.  For  a  thickness  shear  mode,  the 
resonant  frequency  is  given  by 


where  t  is  the  thickness  of  the  crystal  plate,  p  is  the  density,  and  c  is  the 
shear  stiffness  coefficient.  Although  the  piezoelectric  effect  in  quartz  is 
comparatively  small,  its  great  utility  lies  in  the  fact  that  for  some 
crystallographic  cuts,  the  resonance  frequency  can  be  made  independent  of 
temperature.  As  a  result,  the  resonance  frequency  is  stable  enough  to  be  used 
in  timing  and  frequency  control  standards  such  as  tuning  forks  in  quartz 
watches  and  crystal-controlled  oscillators. 


194 


Piezoelectric,  Pyroelectric  and  Ferroic  Crystals 


A  single  tetrahedron  of  the  zincblende  structure,  unstressed  (a),  and 
under  shear  stress  (b).  Piezoelectric  coefficient  di4  relates  polarization 
along  X  to  the  shear  stress  in  the  y-z  plane  (after  Jaffe,  1944). 

The  structural  origin  of  piezoelectricity  in  quartz  has  been  discusred  by 
Karasawa  (1974).  In  the  quartz  structure,  letrahedrally  coordinated 
silicons  arc  connected  through  oxygens  to  form  spirals  around  tlie  z  axis. 
The  atomic  motions  accompanying  the  a-P  transition  (Young  and  Post,  1962) 
at  573 ‘C  provide  the  key  to  understanding  the  piezoelectric  effect.  Un 
cooling  through  the  transition,  the  tetrahedra  rotate  about  the  two-fold 
axes,  with  alternate  tetrahedra  rotating  clockwise  and  counterclockwise, 
lowering  the  symmetry  from  hexagonal  to  trigonal.  At  the  same  time  t  e 
tetrahedra  expand  slightly  around  z,  causing  two  oxygens  to  move  away 
from  the  center  of  each  tetrahedron.  To  maintain  four  equal  bond  lengths, 
the  silicons  move  laterally  along  the  x-axis,  creating  the  electric  dipoles 
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shown  in  Figure  3.  In  the  absence  of  applied  stress,  the  dipole  moments  of 
neighboring  tetrahedra  cancel,  so  that  there  is  no  net  spontaneous 
polarization.  However,  when  the  structure  is  deformed  by  an  external 
stress,  the  dipole  balance  is  destroyed,  producing  a  piezoelectric 
polarization.  The  principal  change  is  in  the  Si-O-Si  bond  angle  at  the 
point  of  contact  between  neighboring  tetrahedra.  Figure  3  illustrates  the 
piezoelectric  effect  accompanying  stress  along  the  x-axis,  with  dipoles 
combining  to  produce  a  polarization  along  x.  The  origin  of  other 
piezoelectric  effects  in  quartz  can  be  explained  in  a  similar  way 
(Karasawa,  1974). 


Atomistic  origin  of  the  longitudinal  piezoelectric  effect  in  quartz.  Dotted  lines  indicate 
the  deformation  resulting  from  a  tensile  stress  along  x.  Dipole  moments  which  cancel  in 
the  undeformed  structure  tilt  slightly  under  stress  to  produce  a  piezoelectric 
polarization  along  x  (after  Karasawa,  1974). 

Many  applications  of  piezoelectric  materials  as  actuators  or 
transducers,  however,  require  a  much  larger  piezoelectric  effect  and  a  more 
efficient  conversion  from  electrical  to  mechanical  energy  than  is  provided 
in  quartz.  In  applications  such  as  sonar  and  ultrasonic  imaging,  Pb(Zr,Ti)03 
ceramics  with  a  distorted  perovskite  structure  are  most  frequently  utilized. 
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The  piezoelectric  coclficieot  nratrix  of  a  poled  PbZr„,52Tio  4803  ceramic 
takes  the  form: 

0  0  0  0  494  o' 

0  0  0  494  0  0 

-93.5  -93.5  223  0  0  0 

Inrtho  z-!7s  or  along  one  o7  the  cube  body  diagonaU,  leadmg  to 
tetragonal  or  rhombohedral  distortions  dependtng  on  'll"  ^ 

nhnse  diacram  for  the  solid  solution  is  given  in  Figure  6.  The  morphot  op 

assume  the  more  likelj  that  one  will  be  oriented  favorably  'V'* 

“StthirT,,:"  ,  .cry 

pTv’L^  r:;;r;f;re‘~^  sevem,  „xide 

ferroelectric  ceramics. 
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=  d  a 

31  1 


(C) 


FIG.  4 


Atomistic  origin  of  the  piezoelectric  coefficients  for  tetragonal  PbTi03. 

(a)  Tetragonal  PbTi03  is  acentric,  with  the  titanium  ion  displaced  from  the  center 
of  the  unit  cell.  When  a  tensile  stress  is  applied  to  X3  as  shown  in  (b),  the  Ti'’*  ion 
displaces  further  in  its  off-center  position,  creating  a  positive  polarization  in  the 
same  direction:  P3  =  d3303.  If  the  stress  is  applied  along  x,  (c),  the  dipole  moment  of 
the  unit  cell  is  diminished,  and  a  negative  polarization  appears.  Hence  d3j  is 
negative  while  d33  is  positive.  For  a  shear  stress  about  x^  (d),  the  dipole 
moment  is  tipped,  producing  polarization  in  the  x,  direction:  P,  =  dijOs. 
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TABLE  3 

Piezoelectric  coefficients  for  selected  oxide  materials. 


MATERIAL 

Quartz* 

dii  ="-2.j . . 

Tourmaline*’ 

d33  =  L9 

BaTiQ^c 

d33  =  85.6 

PbZro.52Tio.4803C 

d33  =  223 

Pbo.9R8(Zro.52Tio.48)0.976Nbo.02403‘^ 

d33  =  ^74 

•  from  Nye,  1985 
^  from  Dietrich,  1985 
^  From  Jaffe  et  al.,  1971 


PYROELECTRICITY 

Pyroelectric  crystals  contain  a  unique  polar  axis,  a  vector  direction 
unrelated  by  symmetry  to  any  other  direction  in  the  crystal.  These  are, 
hence,  regarded  as  "polar"  crystals  which  possess  a  spontaneous 
polarization,  the  magnitude  of  which  varies  with  changing  temperature. 
The  pyroelectric  effect  is  thus  defined  as  the  change  in  polarization 
{AP(s)jl  induced  by  a  change  in  temperature  [AT)  and  is  expressed  in  tensor 
form  as; 


AP(s)i=7riAT  [i=I,2,3J 

Since  AP(s)i  is  a  vector  (first-rank  tensor)  quantity  and  AT  is  a  zero-rank 
tensor,  the  pyroelectric  coefficient  (ni)  is  also  a  first-rank  tensor  with  units 
(C/m^K).  The  sign  of  the  polarization  change  is  reversed  when  the  crystal 
is  heated  or  cooled. 

Only  ten  of  the  twenty  piezoelectric  point  groups  are  polar  and  in  all 
but  two  of  these  (1  and  m)  the  polarization  vector  is  oriented  parallel  to  a 
rotation  axis.  The  polarization  direction  is  along  the  c-axis  in  crystal 
classes  6mm6, 4mm,  4, 3mm,  3,  and  mm2,  and  along  the  b-axis  for  that  with 
point  group  symmetry  2. 

The  pyroelectric  effect  actually  observed  for  a  particular  crystal  is 
generally  comprised  of  two  distinct  effects  commonly  referred  to  as  Primary 
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arrd  Secondary  Pyroelectricity.  If  the  shape  and  size  of  the  specimen  ^e 
held  constant  under  "clamped"  conditions  on  heating,  the  Primary  or  True 
pyroelectric  effect  is  observed.  An  additional  contribution  to  the  total 
pyroelectricity  arises  through  the  secondary  pyroelectric  effect  when  the 
^ecimen  is  free  to  deform.  In  this  case,  the  strain  generated  in  the  sample 
due  to  thermal  expansion  results  in  a  polarization  via  the  piezoelectric 
effect  The  secondary  effect  is  typically  significantly  larger  than  he 
primary  effect  so  that  for  most  crystals  measurement  of  Py*'®': 
effect  under  free  conditions  reflects  essentially  that  associated  with  the 
piezoelectric  response  of  the  material.  Consequently,  for  "^^"y 
the  pyroelectric  coefficients  can  be  estimated  from  a  knowledge  of  the 
thermal  expansion,  the  clastic  and  the  piezoelectric  coefficients,  i.e. 

5T  ”  5T  '  5o  ^  &  5T 

where  the  first  term  on  the  right  hand  side  corresi»nds  to  the  prtaaty 
pyroelectric  effect  and  the  other  to  the  secondary  effect.  When  the  first 

term  is  negligible, 

<‘iik“ln 

TT  es 


Pyroelectricity  was  first  observed  in  gem-quality  tourmaline  crystals. 
Tourmaline  has  a  variable  composition,  most  often  described  as 
XY^Z6B3Sif, 027(0, OH, F)4  where  X  is  a  large  cation  with  9  10 
coordination,  Y  and  Z  arc  octahedral  cations,  and  B  ‘riangularly 
coordinated.  It  crystallizes  into  a  complex  structure  in  the  rhombohedra 
system  and  is  pyroelectric  along  the  unique  c  axis.  This  property  has  earned 
TL  name  "aschentrekker"  or  "ash-drawer,"  for  its  ability  to  attract  ash 

particles  when  the  crystal  is  heated  (Dietrich,  1985). 

One  of  the  simplest  pyroelectric  crystals  is  wurtzite,  the  hexagonal 
form  of  ZnS  (see  Fig.  7).  Zincite,  or  hexagonal  ZnO,  also  the  wurtzite 
structure  and  is  pyroelectric.  The  crystal  class  is  6mm,  for  which  the  polar 
axis  and  Ps  are  parallel  to  c,  the  six-fold  symmetry  axis.  The  sign  and 
magnitude  of  the  spontaneous  polarization  in  wurtzite  can  be  estimated 
from  the  structure  (Newnham,  1975).  The  wurtzite  structure  can  be 
visualized  as  alternating  layers  of  positive  (zinc)  and  negative  (sulfur)  ions 
with  equal  numbers  in  each  layer  stacked  perpendicular  to  c.  Since  each 
layer  contains  all  positive  or  all  negative  ions,  the  polar  chains  in  Figure 
7b  can  be  used  to  calculate  Pg.  In  computing  Pg,  a  neutral  portion  of  the 
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crystal  is  chosen,  and  p,  the  dipole  moment  per  molecule  is  calculated  from 
p  =  1  /nZj  qirj.  Here  n  is  the  number  of  molecules,  and  qi  and  r;  are  the  charge 
and  position  vector  for  the  i**'  ion,  respectively.  While  the  choice  of  origin 
is  unimportant  for  a  neutral  collection  of  charges  (li  q;  =  0),  p  does  depend  on 
the  crystal  boundary.  If  the  specimen  is  terminated  as  in  Figure  7b,  as 
would  seem  most  likely,  p  =  +Q{l/2  -  u)  c. 


(a) 


FIG.  7 


A  projection  of  the  vvurtzitc  structure  along  (010)  and  the  equivalent  polar  chain. 


The  spontaneous  polarization  is  related  to  the  dipole  moment  per 
molecule  by  Pj  =  N  p,  N  being  the  number  of  molecules  per  unit  volume. 
Since  there  are  two  molecules  in  a  cell  of  volume  ^(a^c/2)  the  spontaneous 
polarization  is 

4Q(l/2-u) 

V3  a^ 

While  the  magnitude  of  the  spontaneous  polarization  is  difficult  to 
measure  directly,  changes  in  P^  with  temperature,  i.e.  the  pyroelectric 
effect,  arc  more  readily  detectable. 

Large  pyroelectric  coefficients  are  often  tied  to  the  approach  of  a 
phase  transition  in  the  material.  This  is  not  surprising  as  near  the  phase 
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transformation  significant  structure  changes  (and  hence  in  some  cases, 
polarization  changes)  occur  over  a  small  temperature  interval.  Such 
behavior  is  characteristic  of  many  of  the  displacive  perovskite 
ferroelectrics,  wherb  the  ferroelectric-paraelectric  transition  corresponds  to 
the  reversion  of  a  polar  low  temperature  phase  to  a  centric  prototype 
phase.  Figure  8  shows  a  typical  curve  of  spontaneous  polarization  versus 
temperature  for  a  normal  ferroelectric  with  a  first-order  phase  transition. 
The  pyroelectric  coefficient  is  the  derivative  of  this  curve.  Near  the 
transition  temperature,  where  the  polarization  is  changing  most  rapidly, 
the  pyroelectric  coefficient  is  large.  Well  below  the  transition 
temperature,  although  the  polarization  itself  is  larger,  the  change  in 
polarization  with  temperature  is  smaller,  and  the  pyroelectric  coefficient 
drops  off.  A  collection  of  pyroelectric  coefficients  for  several  mineral  and 
commercial  pyroelectric  materials  is  given  in  Table  4. 


P 


FIG.  8 


Spontaneous  polarization  versus  temperature  for  a  normal  ferroelectric 
with  a  first-order  phase  transition. 


FERROIC  PHENOMENA 

A  ferroic  crystal  contains  two  or  more  possible  orientation  states  or 
domains;  under  a  suitably  chosen  driving  force  the  domain  walls  move, 
switching  the  crystal  from  one  orientation  state  to  another.  Switching  may 
be  accomplished  by  applying  a  mechanical  stress  [sijl,  an  electric  field  [Eil, 
a  magnetic  field  IFljl,  or  some  combination  of  the  three. 

Twinned  crystals  may  be  classified  on  the  basis  of  the  tensor  properties 
of  the  twin  domain,  considering  the  relationship  between  the  free-energy 
and  the  twin  structure.  This  classification  scheme  is  outlined  in  Table  5. 
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Two  main  categories  are  defined:  the  Primary  and  Secondary  Ferroics.  The 
three  primary  ferroic  phenomena  are  ferroelectricity,  ferromagnetism,  and 
ferroelasticity  in  which  the  orientation  states  differ  respectively  in 
spontaneous  polarization  (Pfs))],  spontaneous  magnetization  lM(s)il,  and 
spontaneous  strain  (e(s)ijl.  The  remaining  secondary  ferroic  phenomena 
listed  in  Table  5  are  characterized  by  orientation  states  which  are 
distinguished  by  terms  other  than  the  primary  quantities  P(s)i,  Mfslj,  and 
e(s)ij.  It  becomes  readily  apparent,  in  regarding  a  twinned  system  in  this 
light,  which  forces  and  fields  will  be  effective  in  moving  twin  (domain) 
walls,  where  each  type  of  domain  reorientation  arises  from  a  particular 
term  in  the  free-energy  function. 


TABLE  4 

Pyroelectric  coefficients  for  selected  materials. 


MATERIAL 

iTi  (C/m2 .  K)  1 

Tourmaline 

4.0  X  10-6  a  1 

I  ngylcine  iiultatc 

300  X  10-6  b  1 

LiTa03 

190x10-6  b  1 

i>ro.5Bao.5Nb206 

600  X  10-6  b  1 

liaTiG3 

200  X  10-6  b  1 

®  From  Nye,  1985 
From  Lines  and  Glass,  1977 


The  stability  of  an  orientation  state  is  governed  by  the  free  energy. 
The  differential  form  of  the  Gibb^s  free  energy  [dG]  is  comprised  of  thermal 
energy  and  various  work  terms: 

dG=SdT-€||doij-PidEi-MidHi  Ii,j=l,2,31  (1) 

where  S  is  the  entropy,  T  the  temperature,  e  jj  the  strain,  CTjj  the  stre.ss,  Pj 
the  polarization,  Ej  the  electric  field,  Mj  the  magnetization,  and  Hj  the 
magnetic  field,  all  generally  expressed  in  rationalized  MKS  units. 
Assuming  that  the  experiments  are  performed  under  isothermal  conditions, 
the  entropy  term  may  be  neglected. 
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TABLE  5 

The  classifications  of  primary  and  secondary  ferroics. 


1  FERROIC  CLASS 

DOMAINS  DIFFER  BY 

SWITCIIINC  FORCE 

1  PRIMARY 

1  Ferroelectric 

SpoMtancout  f’olarir.giton  |l*(s)|| 

ricctric  field  lEjl 

1  Frrromignclic 

SpHiilaiitous  MngntliMiion 
|M(5)1| 

Ntagneiic  field  (tljl 

1  Fcrroclislic 

Sponiancouft  Strain 

Mechanical  Streii^  (nkll 

1  SECONDARY  | 

1  Ferrobteleclrlc 

Dielectric  Su^ccpiiHiliiy  fK^jt 

f Icciric  field  |F.j| 

1  Fcrruhiinngnfllc 

M.igiirlic  Siisceplihilily  lxlj| 

Magnetic  l  icld  IFjl 

Ftrrobiclaslic 

F.lastic  Compliance  IsiJidI 

Mechanical  Sites*  |nkll 

F«rro«l»to<leclrlc 

Pieroelectric  Coefflcienlj  |d|j|tl 

Electric  Field  |E|tl 
Mechanical  Stress  lovil 

FerroniBcnetoelistic 

Pieaomagnetic  Coefneienij  IQlJkl 

Magnetic  field  |Mkl 
Mechanical  Stress  |ok|! 

Ferromagneloclcclric 

Magneioeleciric  Coefncienls  |aij| 

Magnetic  Field  (Mkl 

Electric  Field  |Fkl 

Considering  now  the  primary  quantities  appearing  in  the  free  energy 
function,  it  is  generally  found  that  each  is  comprised  of  a  spontaneous 
component  plus  an  induced  contribution.  The  electric  polarization  can  thus 
be  expanded  with  contributions  from  a  spontaneous  polarization  Pfs);  and 
several  induced  effects: 

Pi=P(s)i  +  KijEj  +  dijkOjk  +  aijHj  Ii,j,k=l,2,3J 
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where  Kjj  is  the  electric  susceptibility  tensor,  djjk  the  piezoelectric 
coefficients,  and  oij  the  magnetoelectric  tensor.  In  addition  to  the 
spontaneous  polarization,  present  for  any  of  the  ten  polar  crystal  classes,  an 
electrically-induced  polarization  is  always  present  since  all  materials 
have  finite  electric  susceptibility  coefficients.  Magnetoelectricity  is  found 
only  in  solids  with  certain  types  of  magnetic  symmetry. 

Similarly,  the  magnetization  [Mjl  can  be  expanded  in  terms  of  the 
spontaneous  magnetization  M(s)i  and  induced  effects  arising  from  electric 
and  magnetic  fields  and  mechanical  stress; 

Mi=M(s)i  +  XijHj  +  QijkOjk  +  ajjEj  |i,j,k=l,2,3l 

where  Xjj  is  the  magnetic  susceptibility,  Qjjk  the  piezomagnetic 
coefficients,  and  ajj  the  magnetoelectric  coefficients.  Only  ferromagnetic 
and  ferrimagnetic  crystals  have  non-zero  Mfslj.  All  materials  possess  non¬ 
zero  magnetic  susceptibility  coefficients  (Xijl/  but  the  induced 
magnetization  is  often  very  small. 

Finally,  the  strain  is  measured  relative  to  the  prototype  structure  and 
can  be  written  as  a  spontaneous  strain  plus  an  induced  strain: 

G  ij  =  6  (s)ij  +  sijkicfkl  +  ^kijEk  +  QkijHk  |i,j,h,l=l,2,3l 

where  sjjkl  is  the  fourth-rank  elastic  compliance  tensor,  dkij  is  the 
piezoelectric  coefficient  tensor,  and  Qkij  are  the  piezomagnetic  coefficients. 
Only  the  second  term  in  this  expression  is  always  present.  Piezoelectricity 
and  piezomagnetism  are  null  properties  which  disappear  for  certain 
symmetry  groups,  but  all  groups  have  non-zero  clastic  constants. 

Substituting  the  expressions  for  Pj,  Mi  and  g  jj  into  Equation  (1), 
combining  terms,  and  integrating  gives  the  thermodynamic  potential  G, 
which  applies  to  all  orientation  states.  The  driving  potential  for  a  state 
shift  is  then: 

AG=1G-2g 

where  and  ^G  represent  the  free  energy  for  the  first  and  second 
orientation  states  respectively.  In  the  absence  of  external  fields  the  energy 
of  all  orientation  states  is  equal  and  AG=0.  When  external  forces  and  fields 
are  applied,  the  difference  in  free-energy  for  the  two  orientation  states  is: 
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AG  =  AP(s)iEi  +  AM(s)iHi  +  AelsIijOij  +  l/lAiCijEjEj 

+  i;2AxijHiHj  +  l/2AsijklOijOkl  +  AdijkEiOjk 
+  AQijkHjcijk  "t" 

where  each  term  of  the  free-cnergy  function  is  represented  as  the  difference 
in  the  property  with  respect  to  the  1  and  2  orientation  states. 

A  wide  variety  of  ferroic  phenomena  is  possible  depending  on  which 
terms  in  AG  arc  important.  Ferroic  phenomena  are  not  mutually  exclusive, 
for  example,  in  BaTiOa,  90*  domains  are  both  ferroelectric  and  ferroelastic. 
Almost  all  types  of  mimetic  twins  belong  to  one  or  more  of  the  ferroic 
classes. 


PRIMARY  FERROICS 

A  more  detailed  discussion  of  primary  ferroic  phenomena  including 
fcrroclcctricity  follows.  Specific  mineral  examples  arc  described  for  each. 

FERROELECTRICHT 

A  ferroelectric  is  a  pyroelectric  material  possessing  a  reversible 
polarization  which  is  manifested  in  a  dielectric  hysteresis  loop.  Domains 
in  a  ferroelectric  differ  in  spontaneous  polarization  P(s)  and  can  be 
switched  by  an  electric  field.  Ferroelectric  crystals  become  paraclectric 
above  a  temperature  known  as  the  Curie  temperature  (or  Curie  point)  Tp, 
transforming  to  a  non-polar  parent  [prototype]  phase.  A  selection  of  both 
mineralogical  and  commercially  important  ferroelectric  materials,  along 
with  their  values  for  P(s)  and  Tc  is  given  in  Table  6. 

The  ferroelectric  mineral  colemanitc  |CaB304(0H)3  H20]  was 
initially  investigated  by  Goldsmith  (1956).  The  paraclectric  l2/m]  — > 
ferroelectric  12]  transition  occurs  for  natural  specimens  in  a  range  -7'  to  0*C 
depending  on  the  concentration  of  impurities.  Spontaneous  polarization 
develops  along  the  monoclinic  b-axis,  accompanied  by  the  formation  of  180° 
domains.  A  structural  description  of  the  ferroelectric  effect  in  colemanite 
has  been  presented  by  Hainsworth  and  Fetch  (1966).  A  state  of  dynamic 
disorder  involving  one  of  the  hydrogen  atoms  of  the  water  molecule  and  one 
from  an  adjacent  hydroxyl  group  exists  above  Tc.  Ordering  of  these  atoms 
occurs  as  the  temperature  is  decreased  through  the  transition,  accompanied 
by  small  displacements  of  other  atoms  from  their  centric  positions  resulting 
in  the  generation  of  an  acentric  structure  and  ferroelectricity. 
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TABLE  6 

Some  standard  ferroelectric  materials.  Data  from  Lines  and  Glass,  1977. 
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Ferroelectric  oxides  with  the  perovskite,  tungsten-bronze,  pyrochlore, 
and  bismuth  titanate  layer  structures  all  have  high  dielectric  constants 
and  high  refractive  indices,  and  all  contain  corner-linked  octahedral 
networks  of  Ti^+,  Nb5+,  or  other  d°  ions.  In  most  commercial  electroceramics 
used  as  capacitors  or  transducers,  these  transition  metal  elements  are  the 
highly  polarizable  "active"  ions  which  promote  ferroelectricity. 

Two  major  groups  of  active  ions  may  be  identified  with  respect  to  the 
periodic  system  as  shown  in  Figure  9;  both  are  near  electronic  cross-overi 
points  where  different  types  of  atomic  orbitals  are  comparable  in  enerp 
and  where  hybrid  bond  formation  is  prevalent.  The  first  group,  typified  by 
Ti'*'*',  Nb^^,  and  are  d®  ions  octahedrally  coordinated  to  oxygen.  The 
electronic  cross-over  for  Ti'*'^  involves  the  mixing  of  3d,  4s,  and  4p  orbitals 
which  combine  with  the  a-  and  rc-orbitals  of  its  six  neighbors  to  form  a 
number  of  molecular  orbitals  for  the  (Ti06)®'  complex.  The  bond  energy  of 
the  complex  can  be  lowered  by  distorting  the  octahedron  to  a  lower 
symmetry.  This  leads  to  dipole  moments,  ferroelectricity,  and  large 
dielectric  constants.  The  second  group  of  active  elements  contributing  to 
polar  distortions  arc  the  lone-pair  ions  (sec  Fig.  9).  Lone-pair  ions  have 


ATOMIC  NUMBER 
FIG.  9 


Active  ions  promoting  ferroelectricity  and  high  dielectric  constants  in  oxides 
fall  into  two  categories:  the  d°  ions,  typified  by  Ti^*  and  Nb^*,  and  the  lone  pair  s 
ions  such  as  Pb^*  and  Both  groups  lie  near  energy  level  crossovers, 
giving  rise  to  hybrid  bond  formation  and  asymmetric  structures. 
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two  electrons  outside  a  closed  shell  in  an  asymmetric  sp  hybrid  orbital. 
Among  the  oxides,  the  most  important  of  these  lone-pair  ions  arc  Pb^^  and 
Bi^'*'  which  are  constituents  in  a  number  of  ferroelectric  materials  irbTi03, 
Bi4Ti30i2,  PbNb206l  with  high  Curie  temperatures.  In  many  of  these 
compounds,  Pb^^  and  Bi^^  are  in  pyramidal  coordination  with  oxygen  and 
therefore  contribute  to  the  spontaneous  polarization. 

The  perovskite  ferroelcctrics  are  among  the  most  numerous  and  the 
most  popular  for  a  variety  of  applications  due  in  large  part  to  the  many 
types  of  substitutions  the  structure  can  so  readily  accommodate.  The  classic 
example  of  a  perovskite  ferroelectric  is  BaTi03,  which  has  been 
extensively  investigated  and  utilized  in  a  number  of  applications.  The 
crystal  structure  of  BaTi03  undergoes  three  ferroelectric  phase  transitions 
upon  cooling  from  its  cubic  parent  phase  as  shown  in  Figure  10  with  the 
generation  of  the  spontaneous  polarization  occurring  as  indicated.  Due  to 


P,=  0 


■p,[“^ 


A  schematic  of  the  TiOg  octahedra  in  BaTiC^  demonstrating  the 
distortions  that  occur  during  the  ferroelectric  phase  transitions. 


loumal  of  Materials  Education  15(4) 


210 


Piezoelectric,  Pyroelectric  and  Ferroic  Crystals 

,„e  p.sencc  o, 

K-'S?;: Xmatou frn'odiw 

as  a  result  most  multilayer  capacito 

modifies  the  and  Ca^*-  A  modest  concentration  of  I  b 

Point  Shifters"  arc  Pb^  ,  Sr  ,  ana  ^  „pr  effect  as  shown  in 

raises  Te,  Sr2^  lowers  it.  wht  e  Ca^  ."^//feTmodifiers  which  increases  the 
Figure  11.  Divalent  Pb  is  one  of  the  ,  coordination  favored  by 

transition  temperature;  the  .j^^^ggpect  to  the  adjacent  cubic  and 

Pb2+  stabilizes  the  tetragonal  phas  .  ^  f  j^g  Curie  point  shifters  is 

orthorhombic  phases.  The  effect  of  images  of  BaTiOs  and 

to  destabilize  the  orthorhombic  and  11  fare  seen  to  decrease 

the  lower  two  transition  orCa^^  The  opposite  effect  is 

with  increasing  concentrations  of  Pb  ,  b  ,  ,g^j  ip,^s  Substitution 

convcrgo.ee  ol  Ihc  llrrcc  .ronsilion 
“’TnSer  o,  dU.crcn.  o,  donrajn 

icragonal  phase  has  ISO'  and  90  "“f  («•,  W,  and  ISO’, 

separate  regions  differing  in  spontaneou  p  j  5' ^yglls.  Donor 

vliile,  for  the  rhombohedral  phase,  there  a  e  ^0  m5  a 
and  acceptor  dopants  have  «  oUon  whereas  donor- 

walls.  Acceptor  doping  "uTh  as  K-  or  Fe3-  create 

doping  tends  to  impede  |(Baif<Kx)Ti(03-x/2D  x/2)  and 

oxygen  vacancies  in  |  romoared  with  cation  vacancies, 

Ba(Tii.xFex)(03-x/2Dx/2)l  ^hi  '  ^  gn  sites.  Defect  dipoles  in 

diffuse  much  faster  due  to  the  P':°’^'7‘y  °^^7gf "  atoms  and  oxygen 
acceptor-doped  BaTiOa,  consisti  g  P  dipoles  in  the 

vacancies,  realign  the  defect  dipoles  in  acceptor-doped  BaTiOs 

^u;;r„1:rl":,r.nne"?^:^rizn,h.n  'o.  ,he  dnnrnin  s.rnc.nre  >0  p,n 

domain  walls.  the  substitution  of 

Ordered  perovskite  structures  also  occur  wu  ^  ^ 

cations  of  the  appropriate  size  an  va  g^^^ple  has  a  cubic  unit  cell 
lattice.  The  BafBiQ.sNbo.s)  Consisting  of  eight  perovskite-like  cells 

oLpy  ^lemate  octahedral  sites 


liwrrtiil  nfMatrrials  Ldacatiim  I.IW 


211 


Piezoelectric,  Pyroelectric  and  Ferroic  Crystals 


BO|.xMxTI03 


FiG.n 


Additions  of  Pb^*,  Sr^*  and  Ca^*  affect  the  Curie  temperature  of  BaTiO^ 
in  different  ways,  although  all  three  lower  the  transitions  to  the 
orthorhombic  and  rhombohcdral  phases. 


Alternating  large  and  small  octahedra  in  the  ordered  perovskite. 
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such  that  every  {NbO(i)-octahedron  shares  corners  with  six 
(BiO^l-octahedra,  and  vice  versa.  Although  Bi-^+  has  a  much  larger  ionic 
radius  and  longer  bond  lengths  than  the  octahedra  pack  very 

efficiently  when  alternated  in  this  manner.  The  compound 
I’b(Sco.5Tao.5)03  is  a  complex  lead  perovskite  ferroelectric  for  which  the 
radii  of  the  cations  sharing  the  B-site  are  similar.  The  relatively  small 
difference  in  ionic  radii  of  the  B  ions  and  the  charge  difference  between  the 
two  are,  in  fact,  sufficient  to  allow  for  an  ordered  structure  and 
Pb(Sco.5Tao.5)03  may  exist  in  states  of  order  ranging  from  a  completely 
random  distribution  of  B  ions  to  nearly  perfect  ordering  of  B’  and  B"  in 
alternating  planes  along  <11 1>.  The  unit  cell  of  the  superstructure  is  face- 
centered  with  space  group  Fm3m  in  the  cubic  (paraelectric)  phase.  The 
ordered  low  temperature  (ferroelectric)  phase  has  been  determined  to  be 
rhombohedral  with  a  subcell  lattice  parameter  of  4.072  A  and  a=89.82‘. 
The  dipole  displacement  in  the  ferroelectric  phase  is  along  the  <111> 
directions.  It  has  been  demonstrated  for  this  material  that  normal 
ferroelectric  behavior  occurs  for  highly  ordered  specimens  while  more 
relaxor-lype  ferroelectric  behavior  is  observed  for  partially  ordered 
sainjilcs  (Setter,  1980;  Stenger  and  Burggraaf,  1980). 

Relaxor  ferroelectrics  are  characterized  by  a  diffuse  and  dispersive 
paraelectric  ferroelectric  phase  transition,  as  monitored  by  moans  of  the 
dielectric  response  as  a  function  of  temperature  and  frequency,  and  optical 
and  x-ray  isotropy  to  temperatures  well  below  the  transition  range. 
Relaxor  ferroelectric  materials  are  typically  of  the  perovskite  or  tungsten- 
bronze  structure-type,  incorporating  multiple  ionic  species  on  a  particular 
crystallographic  site.  It  has  been  determined  for  the  Pb-based  perovskite 
relaxors  (Randall  and  Bhalla,  1990)  that  partial  ordering  of  cations  at  the 
B-site  results  in  the  formation  of  temperature-sensitive  polar  microregions 
on  the  order  of  20-800A  which  interact  in  a  complex  manner  that  depends, 
in  part,  on  the  size  and  arrangement  of  the  polar  regions  and  which 
ultimately  leads  to  the  observed  relaxor  phenomena.  Among  the  most 
thoroughly  studied  Pb-based  perovskites  are  Pb(Mgi/3Nb2/3)03-f’bTi03, 
Pb(Zni/3Nb2/3)03-PbTi03,  and  partially  ordered  Pb(Sco.5Tao.5)03. 

Relaxor  ferroelectrics  are  now  under  investigation  for  a  variety  of 
commercial  applications,  including  capacitors  and  electromechanical 
transducers.  Due  to  the  diffuse  phase  transition,  the  dielectric  constant  of 
many  relaxor  ferroelectrics  has  a  broad  maxima  with  respect  to 
temperature.  This,  combined  with  the  large  absolute  magnitude  of  the 
dielectric  constant  makes  these  materials  attractive  for  capacitor 
applications.  In  addition,  some  relaxor  ferroelectrics  are  also  useful  in 
electrostrictive  transducers.  In  electrostrictive  materials,  induced  strain  is 
related  to  the  square  of  the  applied  electric  field,  rather  than  the  first 
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power,  as  is  the  case  for  piezoelectric  crystals.  This  is  advantageous  in 
micropositioning  applications  as  significant  strains  can  still  be  achieved, 
while  many  of  the  hysteretic  effects  associated  with  normal  ferroelectric 
transducers  arc  eliminated. 

FERROMAGNETISM 

The  orientation  states  of  a  ferromagnet  differ  in  spontaneous 
magnetization  and  can  be  switched  by  a  magnetic  field.  This  broad 
definition  encompasses  ferrimagnets  [magnetite]  and  weak  ferromagnets 
[hematite],  as  well  as  ordinary  ferromagnets  [iron].  It  does  not  include 
antiferromagnetic,  paramagnetic,  and  diamagnetic  substances  which  have 
no  spontaneous  magnetization.  Such  materials  arc  not  ferromagnetic  but 
may  be  ferrobi  magnetic. 

Domains  in  transparent  ferromagnetic  and  ferrimagnetic  crystals  are 
visible  in  polarized  light  because  of  the  Faraday  Effect,  which  involves  a 
rotation  of  the  plane  of  polarization  described  by: 

o  =  p  t  cosO 

where  0  is  the  angle  of  rotation,  p  the  rotation  per  unit  thicknes.s,  t  the 
specimen  thickness,  and  0  the  angle  between  the  propagation  direction  ami 
the  magnetization  vector. 

The  dominant  mechanism  for  magnetic  ordering  in  oxides  (and  hence, 
most  minerals),  is  the  superexchangc  interaction.  Direct  exchange  seldom 
occurs  in  such  materials  because  the  transition-metal  ions  are  not  in  direct 
contact,  but  interact  via  an  intermediate  oxygen  anion.  In  FeO,  for  example, 
two  iron  ions,  and  M2,  on  opposite  sides  of  an  oxygen  ion  interact  through 
a  p-orbital  of  oxygen  (see  Fig.  13).  Since  the  oxygen  ion  is  not  fully  ionized, 
its  outer  electrons  spend  time  on  the  neighboring  transition-metal  ions. 
When  it  enters  the  d-shell  of  one  of  the  Fe^^,  in  which  the  d-orbitals  of  the 
cation  are  more  than  half  full,  the  oxygen  electron  spin  is  antiparallcl  to 
those  of  the  metal  ion,  in  accordance  with  Hund's  rule.  Meanwhile  the 
other  electron  in  the  same  oxygen  p-orbital  is  on  the  opposite  side  of  the 
oxygen  ion  because  of  the  coulomb  repulsion  between  two  electrons  in  the 
same  p-orbital.  While  there,  the  second  electron  (whose  spin  is 
antiparallel  to  the  first  electron  because  of  the  Pauli  exclusion  principle) 
also  interacts  with  transition  metal  ions  and  its  spin  will  again  be 
antiparallel  to  that  of  the  metal  ion.  The  antiferromagnetic 
superexchange  thus  arises  from  the  alignment  as  shown  below:  the  first 
metal  atom  accepts  an  electron  with  antiparallel  spin  from  an  oxygen 
neighbor.  The  spins  of  the  two  electrons  in  the  same  oxygen  p-orbital  are 
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anliparallcl,  and  llic  second  electron  spends  part  of  its  time  in  parallel 
alignment  with  the  d-electrons  of  the  second  metal  ion.  A  similar  situation 
occurs  when  the  d-electron  shell  of  the  transition  metal  ion  is  less  than  half 
full,  again  resulting  in  antiferromagnetic  superexchange.  The  oxygen 
electrons  enter  the  metal  atom  d-shcll  parallel  to  the  net  spin,  but  since  the 
same  thing  happens  to  the  other  electron,  the  interaction  remains 
anti  ferromagnetic.  Superexchange  is  strongest  when  the  angle  M]-0-M2  is 
180‘,  allowing  maximum  overlap  of  the  p-orbital  with  the  two  metal  ions. 
The  interaction  weakens  as  the  angle  approaches  90',  even  though  the 
metal-metal  distance  may  be  shorter. 


FIG.  13 


(b) 


The  180'  superexchange  interaction  when  the  transition  metal  shell  is 
(a)  less  than  half  full  and  (b)  more  than  half  full. 

Among  oxides,  antiferromagnetism  is  much  more  common  than 
ferromagnetism  or  ferrimagnetism.  Superexchange  is  a  strong  interaction, 
leading  to  magnetic  transition  temperatures  comparable  to  metals. 
Ferromagnetic  ordering  in  Fe  occurs  at  1040  K,  antiferromagnetism  in 
hematite  (a-Fc203)  at  950  K,  and  ferrimagnetism  in  magnetite  (Fe304)  at 
860  K. 

Fe304  has  the  spinel  structure,  in  which  the  oxygen  ions  are 
tetrahedrally  coordinated,  as  arc  1/3  of  the  cations.  The  remaining  cations 
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arc  octahedrally  coordinated.  The  coordination  for  a  single  oxygen  is 
shown  in  Figure  14.  If  the  tetrahedral  cation  is  oriented  with  spin  up,  then 
the  supercxchange  interaction  through  the  oxygen  forces  all  of  the 
octahedral  cations  to  be  spin  down.  The  net  imbalance  between  the 
tetrahedral  and  octahedral  ions  (1/3  vs.  2/3),  leads  to  the  net 
ferrimagnetism  at  temperatures  below  -860K. 


Octahedral  cations 

•  *  1 


FIG.  14 

The  coordination  of  one  oxygen  in  the  spinel  structure  showing  the  superexchange 
interaction  between  the  tetrahedral  cation  and  the  octahedral  cations. 

Hematite,  a-Fe203,  is  similar  to  FeO  in  that  the  dominant  magnetic 
ordering  is  antiferromagnetic.  There  is,  however,  a  small  ferromagnetic 
component  along  (111).  Mineralogists  generally  assign  hematite  to  trigonal 
class  3m,  but  the  magnetic  point  symmetry  is  2/m  at  room  temperature. 
Antiferromagnetic  crystals  often  exhibit  weak  (parasitic)  ferromagnetism 
when  the  ferromagnetic  component  does  not  violate  the  symmetry  elements 
of  the  antiferromagnetic  spin  array  (Birss,  1964).  In  hematite,  weak 
spontaneous  magnetization  appears  along  the  monoclinic  two-fold  axis, 
corresponding  to  one  of  the  three  diad  axes  in  3m.  At  250K,  the  spin 
direction  changes  to  the  rhombohedral  axis  1111],  and  the  weak 
ferromagnetic  effect  disappears.  Below  the  spin-flop  transition,  the 
magnetic  point  group  is  3m. 
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FERROELASTICITY 

Fcrroelasticity  is  a  typo  of  mechanical  twinning  in  which  the  lattice 
reorients  rapidly  in  response  to  a  mechanical  stress.  There  is  no  diffusion  or 
breaking  of  chemical  bonds,  only  small  rearrangements  with  atomic 
displacements  on  the  order  of  (0.1  A].  Ferroelastic  twinning  is  accompanied 
by  a  change  in  form  associated  with  the  reorientation  of  the  spontaneous 
strain. 

Spontaneous  strain  is  measured  relative  to  the  prototype  structure.  In 
the  ferroelastic  slate,  the  crystal  symmetry  is  reduced  to  a  subgroup  of  a 
higher  symmetry  class  by  a  small  distortion,  typically  on  the  order  of  parts 
per  thousand,  which  is  a  measure  of  the  spontaneous  strain  e  (s)ij.  When 
measured  relative  to  the  prototype  structure,  the  e  (s)ij  values  of  all 
orientation  states  are  equal  in  magnitude.  The  prototype  state,  containing 
all  the  pseudosymmetry  elements  is,  therefore,  the  zero  reference  for 
spontaneous  strain.  It  is  seen  in  this  case  then  that,  analogous  with 
ferroclectricity,  just  as  P(s)i  can  be  redirected  by  an  electric  field,  so  is  it 
possible  to  reorient  e  (sljj  with  a  mechanical  stress. 

The  triclinic  feldspars  have  been  shown  to  twin  in  response  to  stress 
(Mugge  and  Heide,  1931;  Laves,  1952;  Borg  and  Heard,  1969)  and  are 
considered  a  good  mineral  example  of  fcrroelasticity.  The  basic  structural 
unit  of  the  feldspar  structure  is  the  aluminosilicate  framework  shown  in 
Figure  15.  Two  alkali  or  alkaline  earth  cations  fill  each  of  the  large 
cavities.  At  high  temperatures,  thermal  vibration  enables  even 
moderately-sized  cations  such  as  Na"*"  and  Ca^^  to  fill  the  cavities  and 
hold  the  framework  in  a  symmetric  configuration.  As  the  temperature  is 
decreased,  however,  the  large  cavity  is  no  longer  completely  "filled,"  and 
the  aluminosilicate  framework  slumps  around  the  stuffing  cations  as  shown 
in  Figure  15b.  This  lowers  the  symmetry  of  the  low  temperature  phase,  and 
gives  rise  to  the  ferroelastic  spontaneous  strain.  The  two  possibilities 
shown  in  the  figure  constitute  the  two  stable  domain  states.  Under  stress, 
conversion  between  the  two  states  is  possible  when  one  has  a  more 
favorable  strain.  Consequently,  associated  with  the  domain  wall  motion  is 
a  reorientation  in  the  spontaneous  strain  which  leads  to  a  net  shape  change 
for  the  material. 

Pressure-twinning  in  feldspars  is  easier  in  "high-temperature 
varieties,  indicating  that  the  Al-Si  ordering  tends  to  freeze-in  the  twin 
states,  raising  the  coercive  stress.  Ordered  albite  will  not  twin  in  response 
to  pressure  because  strong  chemical  bonds  have  to  be  broken  during  twinning. 
The  Al-Si  distribution  in  low  albite  has  triclinic  symmetry,  so  that  Al-Si 
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FIG.  15 

The  aluminosilicate  framework  of  the  feldspar  structure,  (a)  The  symmetric 
arrangements  and  (b)  the  two  slumped  domain  states  in  the  triclinic  phase. 
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inlcrcliangc  is  required  during  switching  from  one  orientation  state  to  the 
other.  No  interchange  is  required  in  ordered  anorthitc  where  Al  and  Si 
occupy  alternate  tetrahedral  sites.  Therefore,  glide  twinning  is  easier  in 
ordered  Ca-rich  plagioclases.  The  relation  between  structural  state  and 
case  of  formation  of  pericline-albite  twins  by  gliding  has  been  discussed  by 
Starkey  (1967). 


SECONDARY  FERROICS 

The  secondary  ferroic  phenomena  are  also  variously  represented  in  the 
mineral  realm.  Brief  descriptions  of  each  of  these  ferroic  classes  are 
presented  in  conclusion  to  this  general  review  and  important  mineral  and 
mineral-related  examples  of  each  are  cited. 

FERROBIELECTRICITY 

Ferrobielectricity  arises  from  field-induced  electric  polarization, 
rather  than  spontaneous  polarization  as  in  a  ferroelectric.  Switching  occurs 
between  orientation  states  because  of  differences  in  the  dielectric 
permittivity  tensor.  Permittivity  is  a  second-rank  tensor,  like  strain  or 
magnetic  susceptibility  and  hence  any  orientation  states  that  differ  in 
spontaneous  strain  will  also  differ  in  both  electric  and  magnetic 
susceptibility.  All  ferroelastics  are,  therefore,  potentially  ferrobieleclric 
and  ferrobimagnelic.  Ferrobielectricity  can  be  expected  in  non-polar 
crystals  with  mimetic  twinning  and  substantial  dielectric  anisotropy  such 
as  SrTiOa,  which  is  also  ferroelastic,  and  NaNb03  (Newnham,  1974). 


FERROBIMAGNETISM 

Anisotropic  magnetic  susceptibility  may  lead  to  ferrobimagnetism. 
Magnetic  susceptibility  is  a  polar  second-rank  tensor  like  strain  and  electric 
permittivity;  therefore,  ferrobimagnetism  has  the  same  symmetry 
requirements  as  ferroelasticity  and  ferrobielectricity.  Materials  which 
possess  a  spontaneous  magnetization  will  exhibit  a  ferromagnetic  effect; 
this  much  stronger  effect  typically  dominates  and  ultimately  masks  any 
ferrobimagnetism  present  in  the  crystal.  Ferrobimagnetism  is  most  likely  to 
occur  in  antifcrromagnetic  crystals  since  the  Xij  relatively  small  and 
isotropic  in  paramagnetic  and  diamagnetic  solids.  An  important  mineral 
example  of  this  ferroic  class  is  bunsenite  INiOl  which  is  also  a  ferroelastic 
(Roth,  1960). 
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FERROBIELASTICITY 

The  orientalion  states  in  a  ferrobielastic  differ  in  elastic  compliance. 
It  is  a  second-order  effect  in  which  the  strain  difference  between 
orientation  states  is  induced  by  applied  stress.  When  the  stress  is  removed, 
the  induced  strain  and  the  difference  in  free  energy  disappear  also. 
Domain  changes  under  stress  can  be  observed  optically  because  of 
differences  in  the  photoelastic  tensor  for  the  two  twin  segments. 
Photoelasticity,  the  change  in  refractive  index  with  stress,  is  a  fourth-rank 
tensor  like  elasticity.  Orientation  states  differing  in  clastic  constants  will 
also  differ  in  photoelastic  coefficients. 

A  classic  ferrobielastic  crystal  is  a-quartz  (Aizu,  1973;  Laughner, 
1982).  Dauphine  or  electrical  twins  are  induced  in  quartz  with  the 
application  of  a  stress.  When  referred  to  the  same  axes,  the  Dauphine  twin 
orientations  differ  with  respect  to  the  component  of  the  clastic  compliance 
SI  123;  therefore  a  uniaxial  stress  applied  45*  to  X2  and  X3  is  effective  in 
switching  the  ferrobielastic  domains.  Atomic  movements  are  small  and  do 
not  involve  the  breaking  of  Si-O  bonds;  in  shifting  from  one  orientation 
stale  to  the  other,  silicon  atoms  are  displaced  by  ().3A  while  the  oxygen 
atoms  move  about  twice  that  amount.  The  shape  of  the  induced  twins, 
which  typically  take  the  form  of  long-thin  stripes  or  somewhat  thicker 
wedges  running  parallel  to  X3  or  large  volume  diffuse  twins,  depends  upon 
the  experimental  conditions  and  the  stress  history  of  the  specimen.  It  has 
been  shown  (Laughner,  1982)  that  with  repealed  cycling,  healing  of  the 
sample,  and  slow  stress  rates  the  coercive  stress  decreases  and  a 
corresponding  variation  in  the  twin  shape  is  observed.  Striped  twins 
induced  under  the  highest  coercive  stress  conditions  are  the  lowest  volume 
twins  appearing  on  the  x|  face  of  the  sample.  Intermediate  coercive 
stresses  produce  the  wedge-shaped  twins  which  occupy  a  higher  volume 
than  the  striped  twin,  while  the  diffuse  twins,  generated  under  the  lowest 
coercive  stress  conditions,  are  of  the  greatest  size,  lending  to  occupy  the 
entire  crystal  volume  with  increasing  applied  stress. 

The  motion  of  ferrobielastic  twin  walls  in  quartz  is  evidently 
thermally-activated  (Laughner,  1982)  whereby  the  movement  of  atoms 
during  a  twinning  event  occurs  as  a  result  of  the  ferrobielastic  response 
coupled  with  thermal  vibration  such  that  the  thermal  energy  supplements 
that  associated  with  the  bias  so  as  to  more  effectively  drive  twin  wall 
motion.  An  important  contribution  to  twin  nucleation  has  also  been 
identified  in  the  lattice  distortions  associated  with  the  presence  of  defects 
(Laughner,  1982). 
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FERROELASTOELECTRICITY 

The  domain  states  of  a  true  ferroelastoelectric  differ  in  the 
picz{X?lcctric  tensor,  when  referred  to  a  common  set  of  axes.  The  crystal  can 
be  switched  from  one  state  to  another  when  an  electric  field  and  a 
mechanical  stress  are  applied  simultaneously.  Both  forces  are  required  to 
switch  a  true  ferroelastoelectric,  as  it  is  neither  ferroelectric  nor 
ferroelastic.  Since  all  polar  classes  are  potentially  ferroelectric,  a  likely 
source  of  ferroelastoelectrics  are  the  Jen  non-polar  piezoelectric  classes; 
222, 32, 4, 42m,  422,  6, 6m2, 622, 23,  and  43m.  Minerals  such  as  quartz  and  sal 
ammonium  lNH4a]  are  excellent  examples  of  potentially 
ferroelastoelectric  crystals  (Newnham,  1974). 

FERROMAGNETOELASTICITY 

The  domains  of  a  ferromagnetoelastic  material  differ  in 
piczomagnelic  coefficients  which  are  switched  by  simultaneously  applying 
a  mechanical  stress  and  a  magnetic  field.  Crystals  with  magnetic 
symmetry  3m  arc  potentially  piczomagnctic  (Birss,  1964).  Sidcrite  IFcCOjI 
(Pickart,  1960)  is  an  important  example  of  a  ferromagnetoelastic  which  is 
of  magnetic  point  group  3m  and  is  antiferromagnetic  below  30  K.  Switching 
of  the  180‘-type  domains  in  this  material  occurs  when  a  magnetic  field  is 
directed  along  xi  and  a  shearing  stress  is  imposed  about  xi  (Borovik- 
Ramanov  et  al.,  1962). 

FERROMAGNETOELECTRICrTY 

The  orientation  states  in  a  ferromagnetoelcctric  crystal  differ  in 
magnetoelectric  coefficients.  The  coupling  between  the  electric  and 
magnetic  variables  of  a  material  is  called  the  magnctoelectric  effect;  an 
induced  magneti.zation  linearly  proportional  to  an  applied  electric  field. 
The  existence  of  the  magnetoelectric  effect  may  be  predicted  by  symmetry 
arguments  (Landau  and  Lifshitz,  1958)  which  also  serve  to  demonstrate 
that  long-range  magnetic  order  is  a  necessary,  although  not  sufficient, 
requirement.  Magnetoelectricity  is  permissible  in  58  of  the  90  magnetic 
point  groups  (Birss,  1964)  and  has  been  studied  in  several  materials 
including  eskolaite  [Cr203l,  triphylite  lLiFeP04]  (Bertraut  and  Mercier, 
1971;  Santoro  and  Newnham,  1967),  and  lithiophilite  lLiMnP04l. 
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SUMMARY 

Pyroelectricity  and  piezoelectricity  arc  odd-ranked  tensor  properties 
which  disappear  in  centrosymmetric  crystals.  Zincite  and  tourmaline  have 
modest  pyroelectric  effects  which  develop  along  the  1001]  polar  axes. 
Larger  pyroelectric  coefficients  are  observed  in  ferroelectric  crystals  such  as 
triglycinc  sulfate. 

Synthetic  quartz  crystals  have  maintained  a  strong  position  in  the 
transducer  market  despite  their  rather  small  piezoelectric  coefficients. 
The  large  mechanical  Q  coefficients  of  quartz  give  rise  to  extremely  sharp 
electromechanical  resonances  which  are  useful  in  controlling  oscillator 
frequencies  and  timing  devices.  Thermal  stability  is  obtained  for  special 
orientations  in  which  the  resonant  frequency  is  independent  of  temperature. 

For  power  applications,  however,  quartz  has  been  replaced  by  poled 
piezoelectric  ceramics  made  of  PZT  (lead  zirconate  titanate).  These 
ferroelectric  ceramics  have  much  larger  piezoelectric  coefficients  because  of 
the  polar  displacements  accompanying  the  paraclcctric-fcrroclcctric  phase 
transformation,  and  the  extrinsic  effects  caused  by  domain  wall  n\otion. 
PZT  ceramics  arc  used  in  low-frequency  applications  such  as  spark 
generators  and  sonar  systems,  and  as  high-frequency  transducers  for 
biomedical  and  non-destructive-evaluation  systems.  The 
electromechanical  energy  conversion  approaches  50%  for  PZT  and  PMN 
(lead  magnesium  niobate). 

As  pointed  out,  the  very  best  piezoelectric  and  pyroelectric  materials 
are  ferroelectric  in  nature.  Ferroelectrics  are  part  of  a  very  large  family  of 
ferroic  materials  characterized  by  moveable  domain  walls.  These  walls 
contribute  strongly  to  the  high  dielectric  constant  of  capacitor  dielectrics 
and  to  the  high  magnetic  susceptibility  of  the  soft  ferrites  used  as  memory 
elements  and  transformers.  In  addition  to  ferroelectric  and  ferromagnetic 
solids,  there  is  a  third  class  of  primary  ferroics  characterized  by  reversible 
mechanical  twinning.  Examples  of  such  ferroelastic  materials  include  the 
triclinic  feldspars,  zirconia,  and  the  90*  walls  in  barium  titanate.  The 
various  types  of  primary  and  secondary  ferroic  phenomena  were  derived 
from  a  free  energy  difference  between  domain  states.  Based  on  such  a 
scheme,  it  becomes  immediately  apparent  what  orientation  and 
combination  of  fields  and  forces  will  be  effective  in  moving  domain  walls. 
Examples  of  these  more  unusual  and  underutilized  ferroic  effects  were 
presented. 
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ABSTRACT 

Following  a  brief  survey  of  the  current 
electroceramic  markets,  a  few  predictions  are  made  for 
the  coming  decades.  Emphasis  is  placed  on  "smart” 
ceramics  that  perform  both  sensing  and  actuating 
functions.  Passively  smart  materials  respond  to 
external  change  like  a  reflex  response,  whereas 
actively  smart  materials  have  a  feedback  circuit  and 
function  more  like  a  cognitive  response.  The  ideas  are 
illustrated  with  vibration-control  systems  for 
automobiles  and  other  engineering  transducers  designed 
to  function  like  the  lateral  line  and  swim  bladders  of 
fish . 

INTRODUCTION 

In  this  paper,  we  briefly  review  the  world  market 
and  a  few  predictions  for  the  next  few  decades,  and 
then  focus  on  the  subject  of  smart  materials  and  their 
application  to  vibration  control  and  in  underwater 
communication  systems. 

Electroceramics  Today 

The  world  market  for  electroceramics  exceeds  10^^ 
units  per  year  with  a  net  value  of  approximately  $10 
billion  dollars  (1) .  Japanese  suppliers  dominate  the 
market  and  maintain  very  strong  positions  globally. 
Alumina  packages,  barium  titanate  capacitors,  magnetic 
ferrites,  and  PZT  transducers  are  the  four  principal 
electroceramic  products.  Collectively,  they  account 
for  about  90%  of  worldwide  sales.  Other  products  with 
significant  sales  are  resistors,  thermistors,  and 
varistors.  Annual  growth  rates  are  about  5-5. 
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PEACE,  POPULATION  AND  PROSPERITY 


T1-  is  no  accident  that  soothsayers,  palm  readers, 
and  fortune  tellers  are  generally  old 

of  the  few  advantages  of  safe  in  the 

hno^ledge^hafiou^wTll^e  firmly  ensconced  in  your 
ground  state  by  the  time  the  future  arrives. 

TWO  facts  give  -  "°fe^  fou^hr  betwiei 

throughout  history,  no 

independent  freely  elect  U  despite  occasional 

number  of  democracie  there  was  only  one  freely 

setbacks.  Before  five  by  1850,  15  by 

elected  about  half  the  world’s 

1900,  and  soon  follow  -  time  is  on 

^ursfde°"'  G^en  ^he  choice,  most  people  do  not  want 
war  (2)  . 

TO  ohd.tstahd  ao.a  of  th.  dbahjlng  da»ahds  "»«<,  »' 
axaotroo.ra.iat,  ih  thj  =o~hd^^o=ht-V, 

Vision  of  what  the  won  u  wnrld  Future  Society  are 
predictions  fnd  those  of  the  involve'^  the 

listed  in  Tables  1  ooncior-actuator  systems, 

development  of  inexpensi  ,  .  „  jj.  discussion 

often  called  "s.act  Ion  of 

which  follows,  “4  ,tVs  “^  wibrstioh  control  end 
electroceramic  materials  to 

underseas  systems. 

Table  1.  Technological  developments  of  the  next 
century. 

V,,.  .nd  Peac^.  There  has  never  been  a  major  war 
between  democracies . 

p^jin.onhv  and  Relidifln-  immortality  by  the  year 

2030  with  computerized  after-lire. 

.  •  nispase  Cures  for  cancer,  AIDS, 

and — DiSSflSS.- 

aging,  and  the  human  cold. 

ptferpnpuldUOB.  HOd  ^  J^d^'  A^'^sriution 

40,000  children  die  of  hunger  every  y 

must  be  found. 

rn  Or-nanized  fish  farming  and 

rnrrninn  ocean.  Orgamzea 

extensive  desalination  programs. 
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Enaineerlno  Megaworks .  Major  irrigation  and  energy 
projects  to  compensate  for  shortages  in  water  and 
petroleum . 

Engineering _ Microworks .  Sensors,  actuators  and 

signal  processing;  there  is  plenty  of  room  at  the 
bottom  for  building  intelligence  into  materials. 
Expert  systems  for  many  everyday  activities. 

Biology  and  Psychology.  Complete  analysis  of  the 
human  genome  and  the  thought  processes  of  the  human 
brain . 

Table  2.  Ten  forecasts  by  the  World  Future  Society  for 
the  1990s. 

Cash  will  become  illegal. 

Electronic  immigration. 

Intelligent  robotic  systems. 

Prisons  replaced  by  implants. 
Voice-driven  furniture. 

Population  shifts  north. 

Defective  gene  replacement. 

Collision  avoidance  systems. 

Older  generation  families. 

Automated  foods  and  gardens . 


SMART  MATERIALS 

Modern  materials  bear  little  resemblance  to  those 
of  the  past;  miniature  integrated  devices  are  tailored 
to  perform  complex  functions  in  response  to  changing 
conditions  in  the  surrounding  environment.  An 
important  class  of  these  increasingly  sophisticated 
materials  incorporates  functions  of  sensing,  actuating, 
control,  and  even  a  degree  of  intelligence.  These 
"smart"  materials  possess  a  certain  ability  to  sense 
and  respond  to  stimuli  and  are  used  in  a  variety  of 
engineering  applications.  Smart  material  technology, 
for  example,  is  the  basis  for  muscle  implants  made  from 
rubbery  gels  that  respond  to  electric  fields,  and 
dental  braces  made  from  shape  memory  alloys; 
electrochromic  windows  that  control  the  flow  of  heat 
and  light  in  response  to  weather  changes  and  human 
activity;  airplane  wings  that  achieve  greater  fuel 
efficiency  by  altering  their  shape  in  response  to  air 
pressure  and  flying  speed,  and  water  purification 
systems  that  sense  and  remove  noxious  pollutants.  In  a 
number  of  instances,  the  application  of  smart  materials 
has  become  commonplace  in  today's  living. 
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PASSIVE  SMARTNESS 

Smart  materials  are  of  two  basic  types:  passively 
smart  and  actively  smart  (3)  .  A  passively  smart 
material  has  the  ability  to  respond  to  environmental 
conditions  in  a  useful  manner.  It  differs  from  an 
actively  smart  material  in  that  there  are  no  external 
fields  or  forces  or  feedback  systems  used  to  enhance 
its  behavior.  Depending  on  circumstances, 
materials  can  demonstrate:  selectivity, 

diagnosis,  self-tuning,  sensitivity,  ^hapeability,  self 
recovery,  self-repair,  stability  and 

standby  phenomena,  survivability,  and  switchability 
(4)  . 

Ceramic  varistors  (devices  whose  electrical 
resistance  decreases  rapidly  under  high  voltage)  and 
ceramic  thermistors  (resistors  whose  electrical 
resistance  depends  on  temperature)  are  passively  smart 
materials.  When  struck  by  lightning,  a 
varistor  loses  most  of  its  electrical  resistance  and 
tie  current  is  by-passed  to  ground.  This  resistance 
change  is  reversible  and  acts  as  a  _ 

phenomenon.  Varistors  also  have  a  self-repair 
mechanism  in  which  the  highly 

relationship  can  be  restored  by  repeated  application  of 
voltage  pulses. 

ACTIVE  SMARTNESS 

An  actively  smart  ceramic  senses  a  change  in  the 
environment  and,  using  a  feedback  system,  ^ 

useful  response.  It  is  both  a  sensor  and  an  ^^uator 
Examples  include  vibration  damping 

space  platforms  and  electronically  controlled 
automobile  suspension  systems  using  piezoelectri 
ceramic  sensors  and  actuators. 

The  piezoelectric  Pachinko  machine,  a  pinball 
machine  popular  in  Japan,  illustrates  the  principle  of 
araJtLely  smart  material.  The  piezoelectric  Pachinko 

game,  constructed  by  engineers  at  Nippon  Denso 
Irom  PZT  multilayer  stacks  which  act  as  both  sensors 
and  actuators.  When  a  ball  falls  on  the  stack, 
force  of  impact  generates  a  piezoelectric  voltage. 
Acting  through  a  feedback  system,  the  voltage 
tfiggers  ^  response  from  the  actuator  stack,  which 
resDonds  rapidly,  throwing  the  ball  out  of  the  ho 
Durinf  a  sSquenc;  of  such  events,  the  ball  moves  up  a 
sSral  ramp  and  eventually  falls  into  a  hole,  and 
begins  the  spiral  climb  all  over  again. 

The  video  tape  head  positioner  developed  by 
Piezoelectric  Products,  Inc.,  operates  on  a  similar 
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principle,  Fig.  1.  A  bilaminate  bender  made  from  tape- 
cast  PZT  ceramic  has  a  segmented  electrode  pattern 
dividing  the  sensing  and  actuating  functions  of  the 
positioner.  The  voltage  across  the  sensing  electrode 
is  processed  through  the  feedback  system,  resulting  in 
a  voltage  across  the  positioning  electrodes.  This 
causes  the  cantilevered  bilaminate  bender  to  bend, 
following  the  video  tape  track  path.  Articulated 
sensing  and  positioning  electrodes  near  the  tape  head 
help  keep  the  head  perpendicular  to  the  track.  The 
automatic  scan  tracking  system  operates  at  450  Hz. 


Vidao  tapa  haad  poaltlonar  mada  from  PZT  blraorph 
with  aanaor  and  aetuatoc-divldad  alactrodaa . 


VIBRATION  CONTROL 

A  smart  sensor-actuator  system  can  mimic  a  very 
stiff  solid  or  a  very  compliant  rubber.  This  can  be 
done  while  retaining  great  strength  under  static 
loading,  making  the  smart  material  especially 
attractive  for  vibration  control.  If  the  phase  of  the 
feedback  voltage  is  adjusted  to  cause  the  responder  to 
contract  in  length  rather  than  expand,  the  smart 
material  mimics  a  very  soft  compliant  substance, 
reducing  the  force  on  the  sensors  and  partially 
eliminating  the  reflected  signal.  The  reduction  in 
output  signal  of  the  sensor  is  a  measure  of  the 
effectiveness  of  the  feedback  system.  The  stiffness  of 
the  actuator-sensor  composite  can  be  reduced  by  a 
factor  of  ten  compared  to  rubber . 

The  automobile  industry  is  a  very  large  market  in 
which  sensors  and  actuators  are  already  widely  used. 
More  than  50  electroceramic  components  can  be  found  in 
today's  high-tech  autos,  ranging  from  the  air-fuel 
oxygen  sensors  used  in  most  cars  to  the  more  exotic 
piezoelectric  raindrop  sensor  that  automatically  senses 
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the  amount  of  water  falling  on  the  windshield  and 
adjusts  the  wipers  to  the  optimum  speed  (5) . 

Controlled  compliance  with  piezoelectric  ceramics 
is  utilized  in  Toyota's  piezoTEMS  (Toyota  Electronic 
Modulated  Suspension),  a  system  which  has  been 
developed  to  improve  the  drivability  and  stability 
the  automobile  and  at  the  same  time  enhance  passenger 
comfort  (6)  .  The  TEMS  is  basically  a  road  stability 
sensor  and  shock  adjustor  that  detects  bumps,  dips, 
rough  pavement  and  sudden  lurches  by  the  vehicle,  then 
rapidly  adjusts  the  shock  absorbers  to  apply  a  softer 
or^firmer  damping  force,  depending  on  what  is  necessary 
to  minimize  discomfort  while  maintaining  control  of  the 
vehicle.  The  shock  absorbers  are  continuously 
readjusted  as  the  road  conditions  change  so  that 
rocking  or  wobbling  on  soft  shocks  is  eliminated. 

A  cross-sectional  view  of  the  shock  absorber  is 
shown  in  Fig.  2.  The  road  surface  sensor  consists  of 
the  five-layer  piezoelectric  ceramic  sensor  mounted  on 
the  piston  rod  of  the  shock  absorber.  When  a  dump  in 
the  road  is  encountered,  the  resulting  stress 
to  the  sensor  produces  a  voltage  which  is  ^fed  ^"to  an 
electronic  control  unit  that  amplifies  td®  signal, 
chanaes  the  phase,  and  supplies  a  high  voltage  to  the 
S^relectric  actuator.  The  88-layer  PZT  actuator 
produces  a  50  Urn  displacement  on  the  oil  system  “dich 
is  hydraulically  enlarged  to  two  millimeters,  enough  to 
change  the  damping  force  from  firm  to  soft.  ^^e  entire 
process  takes  only  about  20  milliseconds  —  not  even 
Lough  time  to  slam  on  the  brakes  Also 
the  actuator  output  are  the  vehicle  speed  and  driver  s 
preference  for  a  generally  softer  (American)  or  firmer 
(European)  ride. 
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Cro«.  ..otlon  of  th«  principal  portion  of  th. 
TEHS  RhocJc  »b»orb«r  <6)  . 
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In  designing  a  smart  system  for  vibration  control, 
it  is  necessary  to  properly  position  the  actuator. 
Since  action  is  followed  by  reaction,  the  control  force 
must  act  between  the  controlled  object  and  a  reacting 
object.  Three  types  of  active  damping  systems  can  be 
identified  according  to  the  reaction  mechanism. 

Tvnp  T  uses  a  fixed  based  as  the  reacting  object. 

Tyne  II  uses  an  auxiliary  mass  as  the  reacting 
object . 

Type  III  uses  a  support  structure  as  the  reacting 
object . 

Studies  are  underway  to  incorporate  electroceramic 
actuators  and  reaction  structures  into  functional 
composite  damping  materials  which  perform  in  both 
passive  and  active  modes  (7)  .  In  addition  to 

automobiles  and  other  vehicles,  active  control  systems 
have  been  developed  for  trains,  airplanes,  bridges, 
flexible  arms  and  rotors,  forging  hammers,  cantilevered 
pipes,  conveying  fluids,  off-shore  rigs,  space 
structures  and  radio  antennae. 

OCEANOGRAPHIC  COMMUNICATION 

It  has  been  estimated  that  74%  of  the  earth’s  crust 
is  covered  by  water,  and  the  other  26%  by  mortgages! 
with  increasing  population  pressures,  it  is  inevitable 
that  greater  use  will  be  of  the  world's  oceans,  and  one 
of  the  great  engineering  challenges  is  long-distance 
underwater  communication.  Subsonic  acoustic  signals 
have  been  transmitted  halfway  around  the  world  in  the 
SOFAR  experiments  reported  in  the  last  decade  (8) .  The 
oceans  have  an  efficient  waveguide  centered  at  a  depth 
of  approximately  1  hm  where  the  acoustic  velocities 
reach  a  minimum.  Sound  travels  faster  near  the  surface 
where  temperatures  are  higher,  and  at  great  depths 
where  pressures  are  higher.  As  in  multimode,  optical 
waveguides,  the  acoustic  waveguide  transmits  a  number 
of  modes  simultaneously,  presenting  a  number  signal 
processing  opportunities  for  sonar  engineers.  The 
design  and  construction  of  inexpensive  transceiver 
arrays  is  a  central  challenge  for  these  experiments. 
Electroceramic  transducers,  capable  of  functioning  at 
depths  of  1-2  km,  are  a  requirement. 

IMITATING  UNDERWATER  BIOLOGICAL  SYSTEMS 

Biomimetics  is  a  rapidly  expanding  field  of 
research  in  materials.  The  word,  from  the  Greek  bios, 
life,  and  mlmetikos ,  to  imitate,  indicates  the  use  of 
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the  biological  world  as  inspiration  for  new 
technologies . 

Fish  and  other  underwater  inhabitants  have  some 
interesting  ways  of  communicating  and  listening  that 
have  been  copied  in  the  hydrophones  used  as  sonar 
systems  for  submarines,  geophysical  prospecting 
equipment,  and  as  fish  finders.  In  most  fish,  the 
principal  sensors  are  the  inner  ear,  coupled  to  the 
swim  bladder,  and  the  lateral  line  that  runs  from  the 
head  to  tail  of  the  fish,  resembling  a  towed  array  with 
sensing  organs  (stitches)  spaced  at  intervals  along  the 
nerve  fiber  (9)  .  Each  stitch  contains  several 
neuromasts  made  up  of  gelatinous  cupulae  that  contain 
fibers  which  vibrate  as  the  fish  swims  through  water 
and  act  as  sensors  for  flow  noise.  Hydrophones  made  o 
a  1-3  composite  are  patterned  after  the  hair-filled 
cupulae  of  a  fish's  lateral  line.  Thin  PZT  fibers 
embedded  in  polymer  mimic  the  hairs  and  provide 
excellent  electromechanical  coupling  to  a  liquid 
medium.  The  piezocomposites  can  be  used  as  both 
sensors  and  actuators  and  are  very  sensitive  to 
pressure  waves  in  water  (10)  . 

The  primary  function  of  the  fish's  gas-filled  swim 
bladder  is  to  provide  buoyancy  but  it  is  also  used  for 
sound  and  pressure  reception  and  in  some  species  is 
equipped  with  drumming  muscles  for  sound  propagation. 
The  flexible  swim  bladder  responds  to  hydrostatic 
pressure  waves  by  changing  volume,  and  fish  with  swim 
bladders  can  perceive  relative  pressure  changes 
equivalent  to  less  that  0.5%  of  the  ambient  hydrostatic 
pressure.  These  features  are  mimic)ced  by  another 
piezoelectric  hydrophone  composite  (Fig.  3)  which 
redirects  applied  stresses  using  f lextensional 
transducers  that  mimic  the  motions  of  the  swim  bladder^ 
These  composites  are  known  as  "moonies  because  of  the 
internal  crescent-shaped  cavities 

hydrostatic  stress  of  waves,  the  thick  metallic 
electrodes  convert  a  portion  of  the  z-direction  stress 
into  large  radial  stresses  of  opposite  sign  (11)  ■ 
Composite  sensors  and  actuators  made  with 
possess  electromechanical  coupling  coefficient 
Lder  of  magnitude  larger  than  that  of  conventional  PZT 

multilayer  stacks. 


intelligent  systems  for  hostile  environments  such 
as  the  deep  ocean,  are  an  area  of  considerable 

importance,  and  many  new  developments  can  be  expected 

in  the  coming  decade.  There  is  a  need  for  sensor  ana 
actuator  systems  that  can  operate  at  high  temperatures 
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11  mm 


Fig.  3.  GAomtttry  of  tha  “moonla**  composita,  datlgnad  to 
radiract  appliad  straaaaa.  Daalgn  la  faahionad 
aftar  tha  fiah  awim  bladdar  and  functiona  in  a 
f laxtanaional  moda . 


inside  engines  or  furnaces  to  monitor  combustion  and  to 
provide  pollution  control,  and  intelligent  systems  are 
required  for  oceanographic  studies  and  oil  exploration 
that  can  withstand  high  pressures  and  salinity 
conditions.  Radioactive  and  chemical  waste  sensors  are 
yet  another  field  for  fruitful  research.  In  these  and 
other  areas,  electroceramics  can  play  a  vital  role  in 
the  intelligent  systems  of  the  future. 

Many  of  these  sensors  and  actuators  can  be 
fabricated  in  the  form  of  multilayer  ceramic  packages. 
Until  recently  multilayer  packages  consisted  of  low- 
permittivity  dielectric  layers  with  metal  circuitry 
printed  on  each  layer  and  interconnected  via  holes 
between  layers.  Buried  capacitors  and  resistors  have 
now  been  added  to  the  three-dimensional  packages,  and 
other  components  will  follow.  Smart  sensors,  adaptive 
actuators,  and  display  panels  with  thermistors  to  guard 
against  current  and  voltage  overload  are  next  in  line 
for  development . 


CONCLUSION 

I  would  like  to  close  with  a  few  personal  thoughts 
concerning  the  age  of  smart  materials  and  biomimetic 
engineering.  The  prospects  of  future  developments  in 
the  next  century  both  fascinate  and  frighten  me.  I  am 
troubled  by  the  fact  that  much  of  the  hardware  and 
software  research  is  being  undertaken  for  military 
systems  —  weapons  that  may  one  day  kill  us  all.  I 
also  have  a  vague  fear  of  the  unknown  power  of  these 
electronic  and  optical  systems  —  a  fear  personified  by 
the  computer  Hal  in  the  movie  "2001,"  and  by  the 
repressive  society  described  in  the  book,  1984. 


L 
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But'I  am,  by  nature,  an  optimist,  and  these  fears 
are  overridden  by  the  thrill  of  scientific  and 
technological  achievements.  My  father  and  grandfathers 
were  both  carpenters  and  builders  who  took  great  pride 
in  their  work.  I,  too,  love  to  build  things  with  my 
hands  —  wooden  ship  and  airplane  models,  atomic  models 
of  crystal  structures  and  phase  transformations, 
multifunction  composite  materials,  and  polyphasic 
ceramic  bodies.  I  love  to  see  little  things  carefully 
designed,  beautifully  made,  and  serving  a  useful 
purpose.  The  craftsmanship  delights  me,  and  as  Richard 
Feynman  said,  "There  is  plenty  of  room  at  the  bottom" 
to  construct  engineering  devices  and  systems  on  the 
submicron  scale  where  biosystems  operate.  It  makes  me 
glad  to  be  alive  and  taking  part  in  this  great 
adventure  as  we  learn  what  we  can  from  the  structures 
nature  has  shown  us,  and  then  do  our  best  to  improve 
upon  the  designs  using  engineering  materials . 
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Electrostriction  is  the  basis  of  electromechanical 
coupling  in  all  non-piezoelectric  insulators.  From  the 
Devonshire  formalism  of  the  thermodynamic  pheno¬ 
menology  that  describes  the  coupling  between 
dielectric  and  elastic  properties  of  solids,  two 
equivalent  forms  of  the  electrostrictive  effect,  the 
“direct”  and  the  “converse”  effects,  may  be  derived 
[!]• 

From  such  an  approach,  the  strain  X|j  in  a  material 
may  be  derived  from  expressions  for  the  Gibbs  free 
energy  and  the  elastic  Gibbs  function  as: 

and 

^  ijkl-^kl  ^fnnij 

where  is  the  elastic  compliance  tensor  under 
appropriate  boundary  conditions  and  A’^i  the  elastic 
stress.  From  these  relations  the  “direct”  effect  Q 
and  M  coefficients  are  defined  as: 

and 

Qmnij  =  5(ciVd^’n,dP„);, 

To  be  completely  formal,  partial  derivatives  are  to 
be  used  in  these  and  the  following  equations. 
Alternatively,  the  “converse”  effect  Q  and  M 
coefficients  may  be  derived  as: 

Afmnij  ~  2  (d^ij/d-Vmn)/’ 

and 

Gmnij  =  j(dA:ij/dA'„,„)p 

where  the  dielectric  susceptibility  Xij  =  l/'?ij  =  V 
[£o(fij  -  !)]• 

Thus,  we  may  rewrite  the  coefficients  in  terms  of 
the  dielectric  permittivities  Ey  of  the  material,  as: 

A^mnij  =  (eo/2)(d£ij/dA'„,„)p 

and 

(2n,nij  =  [l/2£o(e  -  l)^][(d£ij/dA'n.n).p] 

The  direct  and  converse  electrostriction  effects  are 
of  importance  in  that  they  offer  two  independent 
and  equivalent  techniques  of  measuring  the  electro¬ 
striction  in  a  material:  (i)  by  measuring  the  strains 
induced  in  materials  in  response  to  applied  fields  or 
induced  polarizations,  by  the  direct  effect,  and  (ii) 
by  measuring  the  change  in  permittivity  (the  change 
in  capacitance  for  suitably  shaped  samples)  under  an 
appropriate  stress  by  the  converse  effect. 


Reliable  and  accurate  measurements  of  the  separ¬ 
ated  electrostriction  coefficients  of  a  material  then 
offer  us  a  way  to  understand  better  the  physical 
origin  of  electromechanical  coupling  in  insulating 
solids. 

Electrostriction  is  an  electromechanical  coupling. 
Both  the  dielectric  and  elastic  properties  of  the 
material  are  expected  to  affect  the  electrostrictive 
phenomenon.  It  is  of  interest  to  investigate  the 
nature  of  the  correlations  between  these  properties, 
in  terms  of  the  anisotropy  in  single  crystals. 

A  modified  compressometer  (Fig.  1)  was  used  to 
measure  the  separated  electrostriction  coefficients  of 
fluorite  and  fluoride  perovskite  single  crystals.  De¬ 
tails  of  this  method  are  presented  in  [2]. 

Well-characterized  CaF2,  BaF2,  SrF2  and  KMnFj 
single  crystals,  in  (100),  (110),  and  (111)  orien¬ 
tations  were  used  for  this  study.  These  were  pre¬ 
pared  in  the  form  of  thin  discs  with  plane  parallel 
faces.  The  crystals  were  polished  to  near  optical 
finishes  and  electroded  with  sputtered  gold.  Since 
the  capacitance  changes  measured  are  very  small, 
guard  ring  electrodes  were  scribed  on  to  the 
samples. 

Small  static  loads  of  up  to  4  kg  mass  were  applied 
in  steps  of  0.5  kg  on  the  samples.  The  pressure 
dependence  of  the  capacitance  was  measured  for 
each  orientation  of  the  material.  This,  along  with 
elastic  constant  values  from  the  literature  [3,  4],  was 
used  as  input  in  calculating  the  separated  electro¬ 
striction  coefficients  of  the  materials.  The  results  are 
shown  in  Table  I.  These  results  agree  to  within  ±5% 
with  prior  measurements  by  both  direct  and  con¬ 
verse  methods  on  these  materials  [2, 4-6]. 

All  four  materials  evaluated  are  cubic  materials, 
and  have  no  dielectric  anisotropy.  The  anisotropy 
surfaces  for  the  dielectric  constants  of  these  mater¬ 
ials  are,  therefore,  spheres.  It  is,  then,  expected  that 
the  anisotropy  in  elastic  properties  would  be  the 
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Figure  I  Schematic  diagram  of  the  modified  compressometer. 
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TABLE  I 

Electrostriction  and  elastic  coefficient  values 

Material 

!2n- 

Qn’ 

O44" 

c 

‘*11 

c  b 

•*1: 

r  b 

J4J 

CaF, 

SrF, 

BaFj 

KMnFj 

-0.49 

-0.33 

-0.31 

0.49 

-0.48 

-0.39 

-0.29 

-0.10 

2.01 

1.90 

1.48 

1.15 

0,69 

0.97 

1.53 

1.21 

-0.15 

-0.26 

-0.47 

-0.35 

2.99 

3.02 

4.06 

3.75 

‘Qij  values  in  mVC%  this  work, 
‘’Ji,  values  in  10"“  Pa"'  [3,  4], 


main  contribution  to  the  anisotropy  in  electrostrict- 
ive  properties. 

To  verify  this,  the  elastic  compliance  coefficients 
iij  of  the  materials  were  used  as  input  to  plot  the 
projections  of  the  elastic  anisotropy  surfaces  on  the 
(lIO)  plane.  This  plane  contains  the  principal 
directions  (110),  (111)  and  (001)  of  the  cubic 
unit  cell.  A  projection  on  this  plane  thus  enables  us 
to  observe  the  variation  of  anisotropic  properties  in 
the  three  main  symmetry  directions. 

Using  the  Voigt  notation,  the  longitudinal  com¬ 
pliance  coefficient  was  calculated  as  a  function 
of  the  angle  0  from  the  (001)  axis  for  all  four 
materials.  The  variation  of  is  quite  similar  for 
the  three  fluorites,  as  may  be  expected.  At  no  point 
does  i'lj  go  to  zero.  The  materials  are  seen  to  be 
most  compliant  in  the  ( 1 1 1 )  directions,  and  stiffest 
in  the  (0  0  1)  directions  (Fig.  2). 
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Figure  2  Anisotropy  in  compliance  for  (a)  CaF2  and  (b)  KMnF3. 


Using  the  Qu,  Q12  and  244  coefficients  measured, 
the  anisotropy  in  electrostriction  was  plotted  in  a 
similar  manner.  A  significant  resemblance  is  noted 
in  the  shapes  of  the  anisotropy  plots  of  both  and 
Q'u,  especially  for  KMnFj  (Figs  2  and  3).  This 
indicates  that  the  anisotropy  in  electrostriction  does 
indeed  correlate  with  the  anisotropy  in  compliance. 

For  the  fluorites,  both  and  Q,2  are  negative. 
This  gives  rise  to  a  very  interesting  effect.  The 
longitudinal  electrostriction  coefficient  g'li  goes  to 
zero  in  directions  angled  at  —13.4°  to  the  (001) 
axes,  for  CaF,,  -10.6°  for  SrFj  and  -16.3°  for  BaFj. 
The  maximum  value  of  the  coefficient  Q'u  is 
observed  along  the  (1  1  1)  directions,  which  are  the 
most  compliant  directions  in  the  fluorites  (Figs  2a, 
3a). 
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Figures  Anisotropy  in  electrostriction  for  (a)  CaFj  and  (b) 
KMnFj. 


Viewing  both  eicctrostriction  and  elasticity  as 
primarily  distortive  effects,  an  explanation  may  be 
sought  for  these  observations.  The  Ca-F  bonding 
direction  in  the  fluorite  structures  is  along  the 
(111)  directions  (Fig.  4).  There  are  empty  cavities 
in  the  fluorite  structure  which  interrupt  the  bonds 
along  [1  1  1].  Along  the  (100)  directions,  F“  ions 
are  arranged  in  a  continuous  linear  chain.  The 
distance  between  F“  ions  is  very  small,  and  this 
makes  distortion  along  this  direction  more  difficult 
than  along  other  directions. 

For  KMnF3,  only  the  Q12  coefficient  is  negative. 
No  zero  electrostriction  directions  exist,  and  the 
electrostriction  anisotropy  closely  parallels  the  com¬ 
pliance  anisotropy  (Figs  2b,  3b).  The  principal  bonds 
in  the  perovskite  structure  are  along  the  (100) 


<1  n> 


Figure  4  The  fluorite  structure:  (•),  F;  (Q).  Ca. 


directions,  and  are  continuous.  These  materials  arc 
elastically  and  electrically  stiffest  in  these  directions. 

In  conclusion,  compressometry  is  seen  to  be  a 
reliable  method  to  evaluate  separated  electrostric¬ 
tion  coefficients  in  materials.  The  anisotropic  vari¬ 
ation  of  electrostriction  in  these  materials  is  seen  to 
be  significantly  affected  by  the  compliance  co¬ 
efficient.  Since  these  materials  are  isotropic  in  terms 
of  dielectric  properties,  it  is  reasonble  to  assume  that 
elastic  effects  are  the  main  contributions  to  the 
anisotropy.  An  analysis  of  materials  with  strong 
dielectric  anisotropy  could  possibly  yield  more  in¬ 
teresting  correlations  between  the  dielectric,  elastic 
and  electrostrictive  effects. 
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Abstract  The  paper  will  trace  the  evolution  of  understanding  related  to  Ae 
modificarion  of  sharp  ferroelectric  phase  transition  behavior  that  occurs  in 
composition  systems  which  exhibit  diffuse  and  relaxor  ferroelectric  properties. 
The  focus  wall  be  primarily  upon  the  perovskite  structure  families  where  canons 
of  different  valence  occupying  similar  crystallo^aphic  sites  in  the  structure 
appear  to  play  an  important  role.  Limited  ordering  in  the  Pb(B  162)03  systems 
will  be  discussed  and  possible  mechanisms  for  self  limiting  to  nanometer  scales 
in  some  systems  explored.  New  studies  of  the  bre^  up  of  the  simple 
ferroelectric  behavior  in  lanthanum  modified  lead  zirconate  titanate  (PLZT)  and 
in  lead  titanate  (PLT)  systems  will  be  discussed  and  the  relevance  to  the  general 
problem  of  relaxor  behavior  examined.  Evidence  for  enhanced  polarization 
fluctuations  and  super  paraelectric  behavior  at  high  temperatures  will  be 
discussed  and  random  field  and  spin  glass  models  for  the  lower  temperature 

state  considered.  .  . 

In  the  tungsten  bronze  structure  relaxors  banum  strontium  ntobate 
(SEN)  and  lead  barium  niobate  (PEN)  the  behavior  is  more  complex  suggesting 
the  possibility  for  relaxor  behavior  in  directions  orthogonal  to  existing 
polarization  systems. 


INTRODUCTION 

It  is  perhaps  useful  to  begin  the  discussion  of  the  interesting  sub  group  of  relaxor 
ferroelectrics  by  considering  in  a  more  general  way  the  nature  of  the  Curie  point 
transition  which  heralds  the  onset  of  proper  ferroelectric  behavior.  In  figure  la  is 
illustrated  first  the  behavior  in  a  rather  perfect  single  crystal  which  goes  through  an 
abrupt  second  order  phase  transition  into  the  ferroelectric  phase.  Above  Tc  the 
permittivity  follows  a  Curie  Weiss  law  e*  =  C(T  -  Tc)'*,  at  Tc  there  is  an  abrupt  but 
continuous  onset  of  spontaneous  polarization  which  evolves  into  the  domain  structure  of 
the  ferroelectric  form.  In  some  crystals  the  transition  at  Tc  is  first  order,  there  is  a  finite 
maximum  of  e  at  Tc  and  the  Curie  Weiss  temperature  0  in  the  relation  e  =  C(T  -  0)'* 
occurs  some  degrees  below  Tc  e.g.  1  TC  in  EaTiOs.  Again  there  is  an  abrupt  loss  of 
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polarization  at  Tc  now  in  a  discontinuous  step  but  Emax  3od  Ps  — >  O  occur  at  the  same 
temperature  Tc- 

For  many  practical  applications  it  is  desired  to  use  the  very  large  property 
maxima  in  the  vicinity  of  the  ferroelectric  phase  transition,  to  move  the  transition  into  the 
temperature  range  of  interest  and  to  broaden  and  diffuse  tlie  very  large  sharp  peak 
values.  In  solid  solution  systems  this  is  accomplished  by  trimming  the  mean 
composition  to  move  the  Curie  point  and  at  the  same  time  making  the  sample  (often  a 
ceramic)  deliberately  inhomogeneous.  In  these  diffuse  transition  systems  the  dielectric 
maximum  is  now  much  ‘rounder’  and  polarization  persists  for  a  short  range  of 
temperature  above  Tm  (figure  lb).  Almost  all  practical  Z5U  and  Y5V  capacitor 
dielectrics  use  such  diffuse  transitions. 

In  the  relaxor  ferroelectrics,  tliree  features  of  the  dielectric  response  are 
qualitatively  different.  The  transition  is  clearly  diffuse  and  rounded,  but  the  response  is 
now  markedly  dispersive  below  Tm  and  Tm  is  a  function  of  frequency  (figure  Ic).  The 
response  at  weak  fields  above  Tm  is  no  longer  Curie  Weiss.  In  the  polarization  the 
RMS  value  persists  to  a  temperature  (To)  200  to  3(X)’C  above  Tm  but  the  mean 
polarization  P  decays  to  zero  at  a  temperature  Tp  which  is  well  below  Tm- 

The  weak  field  dielectric  behavior  for  a  typical  relaxor  ferroelectric  in  the 
perovskite  structure  family  lead  magnesium  niobate  is  shown  in  more  detail  in  figure  2a, 
taken  from  the  pioneer  work  of  Smolensky,*  the  dispersion  over  the  frequency  range  10 
Hz  to  10“*  Hz  is  clearly  evident.  That  the  material  is  ferroelectric  is  evident  from  figure 
2b  which  traces  the  evolution  of  dielectric  hysteresis  under  high  field  as  a  function  of 
temperature.  Unlike  the  sharp  transition  materials,  there  are  not  abrupt  changes  and  non 
linearity  persists  to  temperature  well  above  Tm-  Perhaps  the  most  puzzling  feature  is  the 
absence  of  evidence  for  any  macroscopic  phase  change  below  Tm  either  in  the  X-rays 
spectra,  or  the  optical  birefringence  (figure  2c),  yet  clearly  spontaneous  polarization  is 
impossible  in  cubic  symmetry. 

The  original  explanation  offered  by  Bokov  and  Mylnikova^  for  this  behavior 
was  that  the  diffuseness  was  again  due  to  heterogeneity,  giving  a  range  of  Curie  points, 
but  that  now  the  scale  was  very  small  and  therefore  below  the  resolution  of  X-ray  and 
optical  probes.  Considering  this  model  of  nano-scale  polar  regions,  it  appeared 
probable  to  us  that  since  the  energy  barriers  to  reorientation  in  any  ferroelectric  are 
linearly  related  to  the  volume,  at  these  very  fine  scales  the  electrocrystalline 
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figure  1  Types  of  Ferroelectric  Phase 
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2  (a)  Dispersion  around  T„  is  Lead  Magnesium  niobaie  PMN,  a  typieai 
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anisotropy  energy  AHr  might  become  comparable  to  kT  leading  to  super-paraelectric 
behavior  at  higher  temperature. 

A  range  of  perovskite  structure  compounds  with  complex  composition  and  a 
number  of  Tungsten  bronze  structure  materials  (Table  I)  show  relaxor  ferroelectric 
behavior.  In  perovskites  the  behavior  occurs  dominantly  in  lead  based  compositions 
and  in  both  perovskites  and  bronzes  there  is  always  more  than  one  type  of  ion 
occupying  crystallographically  equivalent  sites. 

For  this  brief  review  we  will  discuss  first  the  origin  of  tlie  symmetry  breaking 
which  occurs  in  the  pre-cursors  chemistry  of  these  systems.  It  is  reasonably  well 
understood  in  A(BiB2)03  compositions  but  is  less  clear  in  the  PLZTs  and  bronze  family 
materials.  Then  tlie  detail  of  the  dielecuic  response  which  points  towards  a  spin  glass 
model  for  the  freeze  out  of  polar  fluctuations  as  the  origin  of  the  dispersion  will  be 
considered.  We  then  touch  on  some  new  evidence  for  unusual  relaxor  behavior  in  the 
low  temperature  polar  phase  of  the  tungsten  bronze  systems. 

TABLE  I  Systems  Which  Exhibit  Relaxor  Ferroelectric  Behavior 

PEROVSKITES  OF  COMPLEX  COMPOSITIONS 

B-site  Lead  magnesium  niobate  (PMN)  PbMgi/3Nb2/303 

complex  Lead  scandium  tantalate  (PST)  PbSci/2Tai/203 

Lead  zinc  niobate  (PZN)  PbZni/2Nbi/203 

Lead  indium  niobate  (PIN)  PbIni/2Nbi/203 

A-site  Lead  lanthanum  zirconate  titanate  (PLZT)  Pbi/xLa2x/3'Pi03 

Lead  lanthanum  titanate  (PLT)  Pbi-xLa2x/3Ti03 

Both  sites  Potassium  lead  zinc  niobate  Ki/3Pb2/3Zn2/9Nb7/903 

complex 


TUNGSTEN  BRONZE  STRUCTURE  COMPOSITIONS 

Strontium  barium  niobate  (SBN)  Sri.xBaxNb206 

Lead  barium  niobate  (PBN)  Pbi.xBaxNb206 


In  the  lead  based  perovskite  A(B  382)03  relaxors  it  is  clear  from  very  extensive  TEM 
studies3.4^  that  in  Pb(Mgi/3Nb2/3)03  the  origin  of  the  nanoscale  heterogeneity  is  in  a 
strictly  limited  1:1  non  stoichiometric  ordering  of  the  Mg  and  Nb.  A  crude  two 
dimensional  picture  is  given  in  figure  3a  showing  the  scale  of  the  region  s  which  are  of 
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the  order  5  n  meters.  The  dark  field  TEM  image  confirming  the  ordering  and  the  scale  is 
shown  in  figure  3b. 

This  1:1  ordering  must  give  rise  to  a  significant  charge  imbalance  and  it  has  been 
suggested^  that  the  developing  electric  field  limits  the  scale.  In  PbSci/2Tai/203  the 
ordering  which  is  again  1:1  may  be  carried  through  to  a  highly  ordered  form  by 
controlled  thermal  annealing,  recovering  full  translational  symmetry.'^  It  is  important  to 
note  that  the  nano  scale  ordered  PST  exhibits  relaxor  behavior  whilst  the  highly  ordered 
crystal  shows  a  first  order  ferroelectric  phase  change. 

Our  picture  of  relaxor  behavior  in  the  A(BiB2)03  systems  is  suggested 
schematically  in  figure  4.  Either  complete  disorder,  or  full  long  range  order  appears  to 
give  rise  to  normal  ferroelectric  behavior.  It  is  the  limited  nano-scale  ordering  which 
appears  to  favor  the  development  of  small  scale  polar  regions.  The  fascinating  feature  in 
the  PMN  type  compounds  is  that  the  local  non  stoichiometry  inherent  in  the  ordering 
process  appears  to  make  it  a  self  limiting  nano-composite  which  cannot  be  changed  by 
annealing.  It  should  be  emphasized  that  this  is  a  most  unusual  nano-composite  as  the 
oxygen  lattice  is  continuous  and  coherent  through  both  ordered  and  disordered  regions. 

In  the  mixed  A  site  relaxors  such  as  the  PLZTs  with  compositions  along  the 
65:35  Zr:Ti  mole  ratio  and  Lanthanum  concentration  of  more  than  2  mole%  the  dielectric 
response  is  similar  in  many  respects  to  the  PMN  system,  however  the  symmetry 
breaking  nanostructure  is  not  so  clear.  Very  careful  TEM  studies  have  revealed  direct 
evidence  of  nano  scale  polar  regions  at  low  temperature^  but  the  precursor  chemistry 
which  forces  their  formation  is  not  yet  clear.  Very  recently  Rossetti^  has  explored  the 
Lead  lanthanum  titanate  system  with  high  resolution  X-ray  techniques.  It  is  clear  that 
quite  low  levels  of  Lanthanum  concentration  rapidly  reduce  the  strongly  first  order 
nature  of  the  pure  PbTiOs  Curie  point  transition  and  begin  to  lead  to  a  sub  domain 
modulation  of  the  magnitude  of  Ps  in  the  domain,  although  there  is  no  strong  evidence 
for  ordering  of  the  lanthanum  or  the  associated  lead  site  vacancies  at  the  higher 
concentrations.  The  necessary  high  defect  concentration  in  the  PLZ,!'  does  however  lead 
to  an  aging  phenomenon  >0  which  modifies  the  relaxation  response  markedly  making 
longer  time  measurements  of  response  impossible  to  interpret  unequivocally. 

In  the  tungsten  bronze  family.  Barium  strontium  niobate  BaxSri.xNb206  is  a 
prototypic  relaxor  here  the  structure  is  much  more  complex  than  the  perovskite  and  more 
open.  Again  it  is  built  on  comer  linked  oxygen  octahedra,  but  the  sheet  normal  to  the  c 
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NAHOSCALE  CHEMISTRY 
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FIGURE  4  Suggested 
dependence  of  relaxor  behavior  in 
perovskite  Pb(BiB2)03 
compositions  on  limited  Bi;B2 
ordering. 


axis  of  tlie  tetragonal  paraelectric  forni  figure  5  is  markedly  crumpled.  Here  Nb  ions 
occupy  the  centers  of  the  oxygen  octahedra,  Ba  ions  the  larger  5  fold  channels  and 
strontium  are  distributed  between  4  fold  and  5  fold  channels.  X-ray  studies  using  the 
Rietveld  method"  suggest  that  Ba  is  always  in  die  5  fold  channel  but  that  annealing  can 
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b 


FIGURES  Projection  of  the 
Tungsten  Bronze  ferroelectric 
structure  normal  to  the  4  fold  c 
axis  showing  the  sites  for 
cation  occupancy. 


change  the  Sr  occupancy  between  4  fold  and  5  fold  sites.  Changing  Sr  occupancy  has  a 
marked  effect  upon  the  dielectric  peak  position  Tm  and  it  is  suggested  that  variations  in 
distribution  throughout  the  crystal  may  be  responsible  for  a  wide  distribution  of  local 
Curie  points.  It  is  interesting  to  note  that  the  relaxation  phenomenon  becomes  steadily 

stronger  with  increasing  Sr  concentration. 

Much  more  work  is  however  needed  to  pin  down  the  symmetry  breaking 
nanostructures  in  both  the  PLZTs  and  the  bronze  compositions. 

Ft  ASTn-niELECTRlC  RESPONSE 

Earlier  studies  have  shown  that  the  relaxor  ferroelectric  retain  large  values  of  RMS 
polarization  to  temperature  some  100s  of  degrees  above  the  dielectric  maximum.  In 
PMN,  PI  -TT  and  SBN  types  measurement  of  lattice  strain  (thermal  expansion)  and 
optical  refractive  indexl2.l3,14  show  very  good  agreement  in  the  prediction  of  the  decay 
of  RMS  polarization.  The  question  as  to  whether  the  residual  polarization  is  static  or 
dynamic  has  been  more  difficult  to  decide.  Measurement  of  electrostriction  in  SBN 
above  Tm  strongly  suggested  the  dynamical  model, >5  but  it  is  only  very  recently  that 
careful  neutron  spectroscopy  has  completely  confirmed  the  super-paraelectric  behavior 
at  higher  temperature  in  PMN. 

A  key  feature  of  the  dielectric  response  is  the  strong  dispersion  in  the  weak  field 
permittivity.  Studies  by  Viehland  et  aF^  have  shown  that  the  frequency/temperature 
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characteristics  arc  nicely  described  by  the  VogchFulcher  relation  (figure  6a)  and  that  the 
freezing  tempierature  Tf  deduced  from  this  relation  agrees  closely  with  the  tliawing 
temperature  where  remanent  polarization  is  lost  on  heating  a  field  cooled  sample 
(figure  6b).  VogehFulcher  suggests  a  slowing  down  and  freezing  into  a  glass  like 
ensemble  of  nano-domains,  such  a  behavior  would  also  suggest  that  the  weakly 
cooperating  nano-polar  regions  should  begin  to  depart  markedly  from  Debye  like 
response  towards  a  very  long  flat  tail  upon  an  '  corresponding  to  the  freezing  process 
and  this  is  indeed  observed.*^ 

For  any  precise  dielectric  studies  it  is  essential  to  recognize  and  eliminate  the 
aging  process.  As  discussed  earlier  it  is  impossible  to  eliminate  defects  which  couple  to 
the  polarization  system  in  PLZT,  since  the  La3+  doping  necessitates  that  the  sample  have 
equivalent  lead  vacancies.  In  Pb(Mgi/3Nb2/3)03  however  the  crystal  is  a  compound, 
and  if  it  is  made  with  care  from  very  high  purity  starting  materials,  macroscopic 
stoichiometry  can  be  preserved  in  a  fully  stuffed  structure.  For  tliis  type  of  material 
aging  can  be  eliminated,  and  the  phenomenon  can  be  reintroduced  by  a  low  level  MnO 
doping.  A  full  explanation  is  given  in  references  18  and  19  but  is  beyond  the  scope  of 
this  review.  The  data  are  emphasized  however  as  it  is  clearly  essential  to  ‘uncouple’ 
aging  if  time  dependent  properties  of  the  relaxor  are  to  be  studied  without  gross 
perturbation. 

To  explore  the  high  field  response  it  is  necessary  to  turn  to  the  PLZTs  and  to 
take  care  to  always  study  freshly  de-aged  samples.  For  an  8:2:70:30  PLZT  composition 
Randall^®  has  imaged  using  TEM  the  nano  domain  structure  at  low  temperature 
(figure  7a)  and  by  using  charging  from  the  beam  current  the  evolution  of  nano-domains 
towards  more  normal  continuous  ferroelectric  domains  (figure  7b).  Consequences  of 
the  application  of  static  fields  to  PLZT  samples  which  have  been  cooled  in  the  zero  field 
state  have  been  explored  by  Yao  Xi  et  al.^*  If  the  system  behaves  as  a  spin  glass  the 
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FIGURE  6  (a.  b) 


Evidence  for  a  glass  like  freeang  of  the  dielectric  response  in 
PMNiPT  solid  solution  lead  in  to  VogcliFulcher  type  behavior  with 
freezing  temperature  Tp. 

Field  cooled  pol^  sample  show  ‘  thawing  temperature  Tp. 
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switch  over  should  be  modeled  by  the  dcAlmeida-Tliouless  relation^^  taken 

from  the  measurements  of  Yao  Xi  et  al  are  modeled  in  this  manner  in  figures  8.23 

In  deducing  the  RMS  polarization  it  was  tacitly  assumed  that  tlie  polarization 
related  electrostriction  constants  Qn.  Q12  are  independent  of  temperature  in  fact  his  has 
been  proven  by  direct  measurement.^^  Clearly  then  in  this  circumstance  one  must 
expect  that  all  the  dielectric  (Polarization)  behavior  will  be  reflected  into  the  elastic 
response.  The  close  relation  between  elastic  and  dielectric  responses  is  evident  in  figure 

9.  For  the  high  field  response,  it  is  to  be  expected  that  the  high  polarization  values 
which  can  be  induced  anhysterically  near  will  give  rise  to  large  elastic  strains  values 

of  X33  the  strain  in  the  field  direction  for  a  PMNrPT  solid  solution  are  shown  in  figure 

* 

10.  The  slope  of  this  curve  at  any  point  is  the  effective  d  constant  (d33)  which  goes  to 
very  large  values  at  relatively  modest  E  fields.25 
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FIGURE  8  Similar  studies  at 
different  field  levels  fitted  to  the 
de  Almedia-Thoulcss  relation. 


FIGURE  9 

(a)  Elastic  stiffness  and  damping 
in  ceramic  PMN:10PT. 

(b)  Comparison  to  dielectric 
softening  associated  with  micro- 
polar  behavior. 
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TUNGSTEN  BRONZE  STRUCTURE  RELAXOR  FERROELECTRICS 

In  the  solid  solution  system  Sr  Nb206iBaNb206  the  end  member  compiositions  are  not 
in  the  bronze  structure,  however  in  the  range  between  Sro.8Bao.2Nb206  and 
Sro.3Bao.7Nb206  stable  SBN  bronzes  form.26  Across  this  range  the  prototypic 
structure  is  tetragonal  and  for  fields  in  the  (X)l  (c)  axis  direction  the  characteristics  are 
these  of  a  relaxor  ferroelectric  with  polarization  along  (001).  Both  opticaP^  and 
elastic^®  studies  confirm  that  large  values  of  RMS  polarization  persist  to  temperatures 
well  above  Tm  and  there  is  clear  evidence  of  ferroelectric  behavior  at  low  temperature.^^ 
Dispersion  near  Tm  becomes  steadily  more  pronounced  in  compositions  with  increasing 
Strontium  content.^®  For  the  congruently  melting  Sro.6Bao.4Nb206  excellent  quality 
single  crystals  have  been  grown^l  and  the  crystal  is  widely  used  in  photorefractive 
applications.^^ 

The  bronze  system  Lead  barium  niobate  Pbi.xBaxNb206  (PBN)  is  of  special 
interest  as  in  the  vicinity  of  the  Pbo.6Bao.4Nti206  composition  there  is  a  pseudo 
morphotropic  phase  boundary  between  orthrhombic  and  tetragonal  ferroelectric  forms 
(figure  1 1).33  For  the  tetragonal  form  at  the  57:43  composition  the  permittivity  for 
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PBN  PHASE  DIAGRAM 
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FIGURE  1 1  Phase  diagram 
for  the  lead  niobateibarium 
niobate  system  (PBN) 
showing  the  pscudo- 
morphotropic  phase  boundary 
near  the  6():40  composition. 
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fields  along  (001)  shows  a  transition  with  only  very  weak  dispersion  and  large  tliemial 
hysteresis  (figure  12a),  however  for  fields  along  (100)  there  is  now  a  pronounced 

dispersion  at  lower  temperature  (figure  12b). 

In  compositions  on  the  orthorhombic  side  of  the  MPB  again  the  upper  transition 
exhibited  for  fields  along  100  is  reasonably  sharp,  however,  now  there  is  a  lower 
temperature  relaxation  for  field  in  the  001  (c)  axis  direcUon.  There  are  no  evidences  of 
phase  transitions  in  either  crystal  in  the  region  of  the  dispersion,  but  cooling  the  crystal 
under  a  poling  field  orthogonal  to  the  main  polarization  direction  produces  a  clear 
lemanence  of  order  less  than  of  the  major  polarization.34  It  is  interesting  to  note 
that  for  compositions  close  to  the  MPB  large  orthogonal  electric  fields  will  switch  the 
major  component  of  P  changing  the  symmetry  from  tetragonal  to  orthorhombic  or  vice 
versa.  With  symmetry  change  the  lower  frequency  dispersion  also  changes  axial 

direction  always  appearing  normal  to  the  major  component  of  P. 

Clearly  at  low  temperature,  Uie  field  forced  symmetry  must  be  truly  monoclinic 
in  each  case,  as  the  Ps  is  tilted  away  from  the  primary  axis  (4  fold  or  2  fold).  Our 
suggestion  is  that  in  each  case  the  micro  polar  regions  which  make  up  the  mean 
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PBN  57:43  (TETRA) 


FIGURE  12(a) 
(b) 


Dielectric  response  for  fields  along  001  and  100  ^ 

'rimnnsitinn  in  the  tetraconal  ferroelectric  phase  field  (57.43)  o 


Low  temperature  dispersive  dielectric  response  for  fields  orthogonal 
to  the  major  polar  direction. 


polarization  have  Ps  vectors  which  arc  slighUy  tilted  away  from  the  major  axis.  At  the 
higher  temperature  transitions  the  energy  barriers  against  polarization  inversion  arc  large 
and  the  dispersion  weak,  however  the  tilts  perpendicular  to  P  are  random  and 
dynamical,  freezing  out  at  the  lower  temperature  dispersion.  The  situation  could  be 
envisaged  as  that  of  a  spin  glass  with  two  freezing  temperatures  for  the  orthogonal 
components  of  P.  Magnetic  systems  which  exhibit  such  phenomena  have  been 
studies.35 


The  relaxor  ferroelectrics  in  the  oxygen  octahedron  families  are  very  complex  solids  so 
that  it  is  certainly  not  surprising  that  in  spite  of  some  thirty  years  of  continuous  effort 
there  is  no  comprehensive  quantitative  theory.  It  does  appear  that  there  is  reasonably 
general  agreement  of  the  supeiparaelectric  character  at  temperatures  well  above  but 
the  detail  of  the  kinetics  of  these  regions  and  their  mutual  interaction  as  the  temperature 


decreases  is  not  clear. 

An  appealing  simple  model  from  A.  Bell  at  EPFL36  treats  the  micro  region  as  a 
simple  Devonshire  ferroelectric,  to  calculate  the  activation  energy  AH  as  a  function  of 
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size  (assuming  a  simple  spherical  region).  The  distribution  of  activation  energies  then 
comes  from  a  specific  distribution  of  sizes,  however  to  get  good  agreement  witli 
experiment  it  is  still  necessary  to  put  in  weak  interaction  between  regions. 

In  a  more  general  vein,  Viehland^^  has  pointed  up  the  many  behavior  features  of 
the  relaxors  which  suggest  spin  glass  like  features. 

An  alternative  model  which  can  again  explain  quatitalively  most  features  of  tlic 
relaxor  appeals  to  random  electric  fields  associated  with  the  composition  fluctuations  as 
the  origin  of  the  break  up  of  normal  domain  structure  and  the  tremendous  slowing  down 
of  the  dynamics  in  PMN.  For  large  non  zero  electric  fields,  it  becomes  difficult  to 
explain  the  aging  phenomena  which  occur  in  PLZT  and  in  suitably  doped  PMN.  For 
such  crystals  aging  under  a  field  as  little  as  3KV/cm  is  sufficient  to  wipe  out  the 
relaxation  at  room  temperature  and  to  lead  to  a  poled  ferroelectric  structure  on  cooling 
under  short  circuit  conditions.  Evidently  the  kinetics  is  very  sensitive  to  small  fields 
generated  by  defect  dipole  systems.  Perhaps  a  way  out  of  this  dilemma  would  be  the 
suggestion  that  the  random  field  is  of  elastic  rather  than  electric  origin. 

Recent  measurements  of  the  jx)ling  of  zero  field  cooled  PMN  does  suggest^^  the 
presence  of  barkhausen  pulses  which  could  occur  from  the  switching  of  ferroelectric 
micro-domains  in  concert  with  the  random  field  model  however  it  is  not  clear  whetlier 
these  measurements  were  carried  out  on  aging  free  material. 

In  summary,  many  features  of  the  chemo-elasto-dielectric  behavior  of  relaxors 
are  becoming  more  clear,  even  though  there  is  not  yet  a  comprehensive  qualitative 
theory  to  explain  the  responses. 
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ABSTRACT:  Piezoelectric  ceramics  have  excellent  transduction  capability  in  elastoelectric  con¬ 
version  and  are  widely  used  as  both  sensors  and  actuators  for  smart  materials  and  systems.  The  very 
high  authority  in  actuation  (tons/in')  is  limited  in  application  by  the  very  short  throw  (strains  =  10 
and  there  is  urgent  need  to  improve  this  strain  capability.  Since  the  polarization  related  piezoelectric 
and  electrostriction  constants  in  perovskites  have  a  very  limited  range,  to  improve  strain  it  is  neces¬ 
sary  to  switch  larger  values  of  polarization.  In  this  paper,  phase  change  and  domain  switching 
systems  which  mimic  the  high  strain  of  the  metallic  martensite  shape  memory  alloys  will  be  re¬ 
viewed.  Characteristic  features  necessary  to  ensure  electrical  control  of  the  shape  will  be  discussed 
and  illustrated  by  three  different  families  of  perovskites.  It  is  speculated  that  at  very  high  switching 
speeds  the  electrostrictive  domain  strain  may  become  “uncoupled’  from  the  polarization  and  evi¬ 
dence  that  this  occurs  in  bismuth  titanate  is  presented. 


INTRODUCTION 

IN  the  heirarchy  of  systems  which  can  be  used  for 
mechanical  actuation,  the  traditional  electromagnetic 
hydraulic  or  pneumatic  systems  (Table  1)  have  strong  advan¬ 
tages  in  the  large  throw  (strain)  and  very  high  overall  effi¬ 
ciency,  but  are  markedly  deficient  in  speed  of  actuation  and 
in  simplicity  and  maintainability.  For  the  available  solid 
state  actuator  families  the  shape  memory  alloys  provide 
massive  actuation  stress,  tolerable  strain  but  very  low  effi¬ 
ciency  and  speed.  The  piezoelectric,  electrostrictive  and 
magnetostrictive  systems  are  capable  of  large  stresses,  high 
speeds  and  reasonable  efficiency  but  are  very  strongly 
limited  in  strain  capability.  Muscle  as  we  are  all  aware  is  an 
excellent  actuator,  but  is  proving  very  difficult  to  mimic  in 
polymeric  systems  and  the  contractile  polymers  are  still  at 
an  early  stage  of  development. 

Clearly,  there  could  be  a  very  useful  advantage  if  some  of 
the  higher  force  and  strain  capability  of  the  ferroelastic 
shape  memory  alloy  could  be  engineered  to  have  the  speed 
and  efficiency  of  the  piezoelectric/electrostrictive  actuator. 

The  actuation  mechanism  of  the  alloy  system  is  illustrated 
in  cartoon  form  in  Figure  1  (Saburi,  1992).  In  the  low  tem¬ 
perature  martensitic  phase,  the  metal  is  twinned  and  soft, 
and  can  be  readily  deformed  to  a  new  state  by  stress  induced 
reconfiguration  of  the  twin  system.  To  recover  the  original 
shape  requires  that  the  metal  be  heated  to  pass  through  the 
phase  change  to  the  Austenitic  form  which  is  untwinned  and 
which  can  then  be  cooled  to  recover  the  original  shape  after 
which  the  cycle  can  be  repeated.  It  is  this  need  for  heating 
and  cooling  in  the  shape  recovery  cycle  which  leads  to  the 
long  time  constant  and  low  actuation  efficiency  of  the  metal 
system. 


For  peroskite  structure  ferroelectrics  in  the  PZT  and 
PLZT  systems  there  are  necessarily  twin  (domain)  states 
which  are  both  ferroelectric  and  ferroelastic  and  martensitic 
like  phase  changes  to  other  symmetry  states,  however  unlike 
the  metal,  the  ferroelectric  domains  carry  a  polarization  and 
can  be  reoriented  by  electric  field.  Also  in  suitable  composi¬ 
tions,  there  are  phase  changes  from  non  polar  to  ferroelec¬ 
tric  states  which  can  be  induced  by  electric  field  and  do  not 
require  that  the  system  be  heated  or  cooled  to  drive  the 
phase  change. 

It  is  the  purpose  of  this  paper  to  explore  the  necessary 
boundary  conditions  on  the  different  systems  which  can  give 
rise  to  analogous  domain  controlled  shape  change  to  those 
in  the  shape  memory  alloys  but  where  the  phenomena  can 
be  electric  field  controller  rather  than  requiring  the  heating 
and  cooling  which  is  so  very  expensive  both  in  energy  and 
in  time  in  the  metal  alloys. 


POTENTIAL  FERROELECTRIC  SHAPE 
MEMORY  MATERIALS 

Antiferroelectric  to  Ferroelectric  Switching  Systems 

Perhaps  the  closest  analog  to  the  shape  memory  alloy  in 
the  ceramic  systems  occur  for  zirconia  rich  composition  in 
the  ternary  PbZrOjI  PbSnOjiPbTiO,  compositions  family. 
Suitable  compositions  in  this  family  have  a  stable  or¬ 
thorhombic  or  tetragonal  antiferroelectric  structure  in  the 
base  state  (Figure  2)  but  can  be  driven  by  high  electric  field 
to  a  rhombohedral  ferroelectric  state.  For  composition 
which  are  some  distance  away  from  the  antiferroelectric  fer¬ 
roelectric  phase  boundary  both  this  forward  switching  A— F 
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Table  1.  Mechanical  actuators. 


Traditional  Technologies 

Stress  (MPa) 

Strain 

Efficiency 

Electromechanical 

0.02 

0.5 

90% 

Hydraulic 

20 

0.5 

80% 

Pneumatic 

0.7 

0.5 

90% 

Solid 

State  Actuators 

Shape  memory  alloys 

200 

0.1 

3% 

Piezoelectric 

35 

0.001 

50% 

Electrostrictive 

50 

0.002 

50% 

Magnetostrictive 

35 

0.002 

80% 

Contractile  polymeric 

0.3 

0.5 

30% 

Muscle 

0.35 

0.2 

30% 

under  increasing  field,  and  the  backward  switching  F— A 
under  decreasing  field  can  be  very  rapid  as  shown  by  the 
studies  of  Wuyi  Pan  et  al.  (Figure  3,4)  (Rin  ct  al.  1989). 
Since  the  A— F  transition  is  necessarily  first  order  by  sym¬ 
metry  (Shuvalov,  1970)  there  is  a  finite  region  in  the  phase 
diagram  where  the  two  phase  A  -t-  F  can  coexist  (Figure 
5).  If  compositions  are  chosen  in  this  region  then  it  is  possi¬ 
ble  because  of  the  energy  barriers  between  states  to  leave  a 
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Figure  1.  Cartoon  illustrating  the  Working  ol  a  Ni:Ti  Shape  Memory 
Alloy. 


Figure  2.  Lead  zirconate  titanate  phase  diagram  showing  location 
of  the  PbZrO,  rich  antilerroelectric  phase  and  of  the  induction  ol  a 
lerroelectric  phase  in  this  region  by  a  high  electric  field. 


Figure  3.  fa)  Forward  switching  AF—F  speed  as  a  function  ol  ap¬ 
plied  field;  (b)  Switched  charge  as  a  function  of  driving  field. 
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Figure  4.  Backward  Switching  F~AF  as  a  Function  of  Ferroelectric 
Inducing  field. 


suitable  crystal  or  ceramic  “hug  up”  in  a  mixed  phase  state. 
It  is  this  co-existence  region  in  the  phase  diagram  of  Figure 
5  which  gives  the  possibility  of  a  sequence  of  remanent 
states  which  are  of  different  dimensions  to  the  original  anti- 
ferroelectric  form.  For  simple  electrical  control  of  shape 
recovery  a  critical  problem  is  outlined  in  cartoon  form  in 
Figure  6.  If  on  increasing  the  reverse  field  the  system  first 
drops  back  into  the  antiferroelectric  form  [Figure  6(a)J  the 
original  shape  is  recovered.  There  is  however  an  alternative 
path  which  would  be  direct  polarization  inversion  by  180” 
domain  wall  motion  shown  in  cartoon  form  in  Figure  6(b). 

In  the  practical  systems,  it  is  clear  from  studies  by  Payne 
(Yang  and  Payne,  1992)  and  Uchino  (Uchino,  1985)  that 
either  alternative  can  be  realized  in  different  composition 
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Figure  5.  Coexistence  region  between  AF  and  F  phases  which 
makes  Shape  Memory  Possible  In  this  system. 
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Figure  6.  Cartoon  illustrating  the  induction  of  the  ferroelectric 
phase  under  high  field  and  the  possible  evolution  of  polarization  and 
strain,  (a)  If  anterferroelectric  switch  back  Is  preferred;  (b)  If  simple 
180°  domain  inversion  takes  place. 


ranges  in  the  modified  PSnZT  family.  The  study  by  Uchino 
(Uchino,  1985)  shows  that  even  in  the  same  system,  there 
may  be  only  a  very  limited  range  over  which  the  simple  field 
inversion  control  of  shape  memory  may  be  realized  (Figures 
7,8). 

For  all  compositions  in  the  two  phase  region  it  is  clear 
that  thermal  shape  recovery  will  be  possible  in  direct  analog 
to  the  metal  systems.  Since  however  the  ceramics  are  brittle 
and  the  domain  strains  are  smaller,  these  compositions 
would  be  significantly  inferior  to  their  metallic  counter¬ 
parts. 

Relaxor  Ferroelectric  Spin  Glass  to 
Ferroelectric  Switching 

An  alternative  family  of  compositions  in  the  perovskite 
structure  which  have  interesting  electrical  characteristics 
are  in  the  lead  lanthanum  zirconate  titanate  family  (PLZTs). 
The  phase  diagram  for  the  PLZTs  after  Haertling  and  Land 
[Haertling  and  Land,  (1971)]  is  shown  in  Figure  9.  The  com¬ 
positions  which  are  of  interest  here  are  close  to  the  pseudo 
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Figure  7.  Illustration  of  the  strain  behavior  for  AF-F  Switching 
(Uchino  et  ai.).  (a)  without  shape  memory;  (b)  with  shape  memory 
which  can  be  eiectricaiiy  erased. 
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Figure  8.  Illustration  of  the  limited  window  in  the  composition  field 
where  electrically  eraseable  shape  memory  is  possible  (Uchino  et 
al.). 
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Figure  9.  Lead  lanthanum  zirconate  titanate  phase  diagram  alter 
Haertling  and  Land  illustration  the  compositions  close  to  the  MPB 
which  have  been  expiroed  for  shape  memory. 


morpholropic  boundary  between  tetragonal  and  rhoinbolte- 
dral  phases  and  in  the  higher  La203  region  marked  in  Figure 
9.  A  characteristic  of  tlie  dielectric  response  is  that  unlike 
that  of  the  nonnal  ferroelectric  the  temperature  of  the 
dielectric  maximum  observed  on  heating  or  coolmg  is  very 
strongly  frequency  dependent.  This  behavior  has  been 
shown  (Vichland  et  al.  1991)  to  stem  from  a  set  of  micro- 
polar  regions  at  high  temperature  which  freeze  in  on  cooling 
to  a  glass  like  ensemble. 

In  this  case,  the  glass  like  ensemble  may  be  reconstructed 
under  electric  field  into  a  polar  ferroelectric  form.  The 
polarization  and  associated  shape  changes  in  these  composi¬ 
tion  are  suggestd  in  a  highly  simplified  cartoon  form  in 
Figure  10. 

Again  switch  forward  and  switch  back  involve  crossing  a 
finite  energy  barrier  so  that  the  system  may  be  left  in  a  rema¬ 
nent  distorted  state.  For  switch  back  to  the  glass  like  state  it 
is  essential  that  under  reverse  field  this  process  [Figure 
10(a)]  take  place  before  the  possible  inversion  of  the  polar 
direction  by  180°  domain  wall  motion  as  envisaged  in 
Figure  10(b).  Extensive  studies  by  Mcng  et  al.  (Meng, 
Kumar  and  Cross,  1985)  have  explored  both  the  electrical 
polarization  and  the  elastic  strain  for  compositions  in  this 
family  (Figures  11,12).  Here  it  would  appear  that  the  glass 
like  switch  back  is  rather  strongly  preferred  over  the  180° 
type  switching  so  that  electric  field  recovery  of  the 
unstrained  state  is  preferred. 

Simple  Proper  Ferroelastic:  Ferroelectric 
Domain  Switching 

In  studied  by  Meng  which  extended  farther  into  the  “nor¬ 
mal”  ferroelectric  region  of  the  PLZT  system,  but  again 
with  compositions  just  on  the  rhombohedral  side  of  the 
MPB,  it  becomes  clear  that  large  remanent  domain  strains 
can  be  left  in  these  systems  at  zero  field,  but  can  be 
recovered  on  reversing  the  field.  The  process  requires  that 
the  ferroelastic  reorientation  process  occur  before  simple 
ferroelectric  inversion  (Figure  13). 
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Figure  14.  Confirmation  of  the  eiectrostrictive  character  of  the 
deformation  on  the  PLZT  reiaxor  compositions. 


In  all  the  PLZT  compositions  explored  the  induced  elastic 
strain  is  dominantly  eiectrostrictive  as  evidenced  by  the 
linearity  of  the  plots  of  strain  vs  (polarization)'  (Figure  14). 
It  is  most  interesting  to  note  that  with  decreasing  LajOj  con¬ 
tent  near  the  bound  of  the  onset  of  proper  ferroelectric  be¬ 
havior  the  intercept  of  the  x  vs  /”  line  rises  above  the  origin 
on  the  strain  axis.  We  believe  that  this  olfset  is  due  to  the 
non  zero  ferroelectric  polarization  in  the  domain  structure 
which  is  at  the  coercive  field  folded  out  orthogonal  to  the 
poling  direction.  Now  the  origin  of  the  strain  measurement 
is  at  a  lower  thickness  dimension  due  to  the  predominance 
of  the  shorter  'a'  axis  leading  to  this  olfset.  One  may  note 
that  the  slope  of  the  lines  does  not  change,  confirming  again 
the  basic  eiectrostrictive  origin.  Clearly  in  this  system  at 
compositions  close  to  the  MPB  ferroelastic-ferroelectric 
switching  is  stronly  preferred  over  simple  180°  inversion  so 
that  these  compositions  are  very  favorable  for  electrically 
controlled  shape  memory. 


SWITCHING  SPEED  CONSIDERATIONS 

In  the  antiferroelectric:  ferroelastic  switching  composi¬ 
tions  which  exhibit  shape  memory  the  response  speeds  have 
liot  been  explored  at  short  switching  times. 

Earlier  work  by  Pan  at  compositions  outside  the  two 
phase  co-existence  region  has  shown  sub  microsecond 
switching  speeds  in  both  forward  and  backward  directions. 
Since  the  transition  is  displacive  and  diffusionless  this  ap¬ 


pears  entirely  consistent.  For  the  domain  driven  clianges 
one  may  note  that  the  polarization  process  depends  upon  an 
optic  mode  of  ionic  motion,  but  that  the  clastic  response 
through  the  coupling  by  electrostriction  is  essentially  an 
acoustic  mode. 

A  question  which  we  have  speculated  about  is  whether  at 
very  high  switching  speeds  (under  high  fields)  the  polariza¬ 
tion  could  be  uncoupled  from  the  strain,  switched  to  a 
metastable  minimum  under  high  field,  then  left  for  the  strain 
to  catch  up.  Such  behavior  in  the  perovskites  could  give  rise 
to  a  sort  of  high  speed  latching  type  actuator,  but  we  know 
of  no  experimental  data  to  support  such  a  speculation. 

For  the  bismuth  Xilanate  (Bi4Ti30i2)  single  crystal  system, 
Cummins  et.  al.,  (Cummins  and  Luke)  have  shown  that  the 
single  domain  symmetry  is  monoclinic  (tn)  with  the  polar 
axis  tilted  slightly  out  of  the  (a)  plane  and  switchablc  be¬ 
tween  the  two  alternative  tilt  positions.  In  this  case,  the  tilt 
of  polarization  is  coupled  to  a  very  weak  shear  which 
switches  sign  on  polarization  inversion. 
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■iaure  15.  (a)  Illustration  of  the  polarization  situation  in  aBiJhOn 
wsta/,  the  shear  which  accompanies  the  small  tilt  of  the  P,  vec  or 
s  grossly  exaggerated;  (b)  Experimental  setup  for  exhibiting  the 
iofarization  switching  and  associated  strain  behavior;  W 
•ion  of  the  separation  of  polarization  and  strain  switching  in  the 

SUThO,}  crystal. 
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For  a  lath  like  crystal  polarized  to  a  single  domain  state 
and  rigidly  mounted  at  one  end  (Figure  15)  polarization 
switching  tilts  the  crystal  and  the  tilt  angle  may  be  moni¬ 
tored  by  a  simple  optical  lever.  Using  fast  pulse  switching  in 
this  arrangement  Cummins  and  Cross  were  able  to  demon¬ 
strate  that  the  whole  polarization  switch  could  be  ac¬ 
complished  before  the  crystal  began  to  move,  and  thus  that 
in  this  system  polarization  and  strain  can  in  fact  be  decou¬ 
pled. 

CONCLUSIONS 

Conventional  thermally  driven  shape  memory  may  occur 
in  a  number  of  ferroelastic:  ferroelectric  perovskites  which 
go  through  martensitic  like  phase  changes.  For  the  more 
useful  shape  memory  which  can  be  driven  by  a  simple  elec¬ 
tric  held  configuration,  it  is  essential  that  in  the  composition 
of  interest  ferroelastic  domain  or  phase  switching  take  place 
at  lower  field  strength  than  simple  pure  ferroelectric  switch¬ 
ing.  In  the  antiferroelectricrferroelectric  systems  the  com¬ 
positions  “window"  where  this  may  occur  appears  quite  nar¬ 
row.  For  relaxor  ferroelectric  PLZTs  at  compositions  close 
to  morphotropy  the  requirement  is  again  similar,  however 
now  because  of  the  closeness  to  the  MPB  ferroelastic 
switching  appears  to  be  strongly  preferred. 

Since  polarization  is  a  very  much  faster  process  than  elas¬ 
tic  strain  we  speculate  that  electrostriction  may  become  “un¬ 
coupled"  at  very  high  switching  speeds  and  show  evidence 


that  such  an  uncoupling  has  been  observed  in  Bi4Ti30,2  sin¬ 
gle  crystals. 
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Abstract 

The  photostrictive  effect  is  the  superimposing  of  photovoltaic  and 
piezoelectric  effects.  (Pb,La)(Zr,Ti)03  ceramics  doped  with  WO3  exhibit  large 
photostriction  under  irradiation  of  purple-color  light,  and  are  applicable  as 
remote  control  actuators.  Photo-driven  relays  and  micro  walking  devices 
which  have  been  developed,  arc  designed  to  start  moving  as  a  result  from  the 
irradiation,  having  neither  electric  lead  wires  nor  electric  circuit. 


INTRODUCTION 

Photostrictive  effect  is  a  phenomenon  in  which  strain  is  induced  in  the 

sample  when  it  is  illuminated.  This  effect  is  focused  especially  in  the  fields  of 
micromechanism  and  optical  communication. 

With  decreasing  the  size  of  miniature  robots/actuators,  the  weight  of  the 
electric  lead  wire  connecting  the  power  supply  becomes  significant,  and 

remote  control  will  definitely  be  required  for  sub-millimeter  devices.  A 

photo-driven  actuator  is  a  very  promising  candidate  for  micro-robots.  On  the 
other  hand,  the  key  components  in  optical  communication  are  solid  state  lasers 
as  a  light  source,  optical  fibers  as  a  transfer  line,  and  displays/  telephones  as  a 
visual/audible  interface  with  the  human.  The  former  two  components  have 
been  developed  fairly  successfully,  and  the  photo-acoustic  device  (i.  e.  optical 
telephone  or  "photophone")  will  be  eagerly  anticipated  in  the  next  century. 

Photostrictive  devices  which  function  when  they  receive  the  energy  of  light 
will  be  particularly  suitable  for  use  in  the  above-mentioned  fields.  In 

principle,  the  photostrictive  effect  is  the  superimposing  of  a  photovoltaic 
effect,  where  a  large  voltage  is  generated  in  fcrroelectrics  through  the 
irradiation  of  light,  U  and  a  piezoelectric  effect,  where  the  material  expands  or 
contracts  from  the  voltage  applied.  The  photovoltaic  effect  mentioned  here 
generates  a  greater-than-band-gap  voltage,  and  is  quite  different  from  that 
based  on  the  p-n  junction  of  semiconductors  (i.  e.  solar  battery).  It  is 
generated  when  electrons  excited  by  light  move  in  a  certain  direction  of  the 
ferroelectric  crystal  due  to  the  spontaneous  polarization  (i.  e.  crystallographic 
anisotropy). 

To  the  extent  authorized  under  the  laws  of  the  United  Stales  of  America,  all  copyright  interests  in  this  publication  are  the  property 
of  The  American  Ceramic  Society.  Any  duplication,  rroroduction,  or  lepublication  of  this  publication  or  any  part  thereof,  without 
the  express  written  consent  of  The  American  Ceramic  ^ety  or  fee  paid  to  the  Copyright  Clearance  Center,  is  prohibited. 
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This  paper  describes  the  details  of  the  fundamental  photostrictive  effect  in 
(Pb,La)(Zr,Ti)03  ceramics  first,  then  introduces  its  applications  to  a  photo- 
driven  relay  and  a  micro  walking  machine,  which  are  designed  to  move  as  a 
result  of  irradiation,  having  neither  lead  wires  nor  electric  circuit. 


PHOTOSTRICTIVE  PROPERTIES 


Materials  Research 


PLZT  (x/y/z)  samples  were  prepared  in  accordance  with  the  following 
composition  formula:  Pbi.xL*x(ZryTiz)i.x/403-  interrelation  of  photo¬ 

voltaic  current  with  remanent  polarization  is  plotted  for  the  PLZT  family  in 
Fig.  1.  The  average  remanent  polarization  exhibiting  the  same  magnitude  of 

photo-current  differs  by  1,7  times  between  the  tetragonal  and  rhombohedral 

phases;  this  suggests  the  photo-induced  electron  excitation  is  related  to  the  (0  0 
1)  axis-oriented  orbit,  i.  e.  the  hybridized  orbit  of  p-orbit  of  oxygen  and  d-orbit 
of  Ti/Zr.  The  photostrictive  figure  of  merit  is  evaluated  by  the  product  of  the 
photovoltaic  voltage  and  the  piezoelectric  coefficient.  Therefore,  PLZT 
(3/52/48)  was  selected  because  the  largest  figure  of  merit  is  obtained  with  this 

composition. 

Impurity  doping  on  PLZT  also  affects  the  photovoltaic  response 
significantly."^)  Figure  2  shows  the  photovoltaic  response  for  various  dopants 
with  the  same  concentration  of  1  atomic  %  under  an  illumination  intensity  of 

4  mW/cm2  at  366  nm.  The  dashed  line  in  Fig.  2  represents  the  constant  power 

curve  corresponding  to  the  non-doped  PLZT.  Regarding  the  photostriction 

effect,  it  is  known  that  as  the  photovoltaic  voltage  increases,  the  strain  value 

increases,  and  with  increasing  photo-current,  there  is  an  increase  in  the 
overall  response.  The  photovoltaic  response  is  enhanced  by  donor  doping  onto 
the  B-site  (Nb5+,  Ti5+,  w6+).  On  the  other  hand,  impurity  ions  substituting  at 
the  A-site  and/or  acceptor  ions  substituting  at  the  B-site,  whose  ionic  valences 
are  small  (1  to  4),  have  no  effect  on  the  response.  Figure  3  shows  the 
photovoltaic  response  plotted  as  a  function  of  atm  %  of  WO3  doping 

concentration.  Note  that  the  maximum  power  is  obtained  at  0.4  %  of  the 
dopant. 

Even  when  the  composition  is  fixed,  the  photostriction  still  depends  on  the 
sintering  condition  or  the  grain  size.5)  Figure  4  shows  the  dependence  of  the 
photostrictive  characteristics  on  the  grain  size.  The  smaller  grain  sample  is 

preferrable,  if  it  is  sintered  to  a  high  density. 

Effect  of  Light  Polarization  Direction 


Effect  of  the  light  polarization  direction  on  the  photovoltaic  phenomenon  was 
investigated  on  the  polycrystalline  PLZT.  using  an  experimental  setup  shown 
in  Fig.  5  (a).  This  experiment  is  important  when  the  photostriction  is 
emoloyed  to  "photophones",  where  the  sample  is  illuminated  with  the  polarized 
light  traveling  through  an  optical  fiber.  The  rotation  angle  0  was  taken  from 
the  vertical  spontaneous  polarization  direction,  as  shown  in  Fig.  5  (b).  Bo 
the  photovoltaic  voltage  and  current  provided  the  maximum  at  9  =  0  and  l»U 
deg  and  the  minimum  at  9  =  90  deg;  this  also  indicates  that  the  contributing 
electron  orbit  may  be  the  p-d  hybridized  orbit  mentioned  above. 
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Fig.l.  Interrelation  of  photovoltaic  current  with  remanent  polarization  in 
PLZT  family. 
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Fig.2.  Photovoltaic  response  as  a  function  of  impurity  doping. 
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Fig.4.  Grain  size  dependence  of  photostrictive  characteristics  in  PLZT(3/52/48). 
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Fig.S.  (a)  Measuring  system  of  the  dependence  of  photovoltaic  effect  on  light 
polarization  direction,  and  (b)  photovotaic  voltage  and  current  as  a 
function  of  the  rotation  angle. 
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PHOTOSTRICTIVE  ACTUATORS 


Photo-Driven  Relay 

A  photo-driven  relay  was  constructed  using  a  photostrictor  as  the  driver  (Fig. 
6).'^)  The  driving  part  was  a  bimorph  which  consisted  of  two  ceramic  plates 
(Smmx20mmx0.16mm  in  size)  joined  so  that  their  polarization  directions  were 
opposing.  A  dummy  plate  was  positioned  adjacent  to  the  bimorph  to  cancel  the 
photovoltaic  voltage  generated  on  the  bimorph.  Utilizing  a  dual  beam  method, 
switching  was  controlled  by  alternately  irradiating  the  bimorph  and  the 
dummy.  The  time  delay  of  the  bimorph  that  ordinarily  occurs  in  the  off 
process  due  to  a  low  dark  conductivity  could  be  avoided,  making  use  of  this  dual 
beam  method.  Figure  7  shows  the  response  of  a  photostrictive  bimorph  made 
from  PLZT  doped  with  O.S  at%  WO3  under  an  illumination  intensity  of  10 
mW/cm^.  The  amount  of  displacement  observed  at  a  tip  of  the  bimorph  (2  cm 
long  and  0.32  mm  thick)  was  150  pm.  A  snap  action  switch  was  used  for  the 
relay.  Switching  by  a  displacement  of  several  tens  of  micron  was  possible 
with  this  device.®)  The  On/Off  response  of  the  photo-driven  relay  showed  a 
typical  delay  time  of  1  •  2  sec. 

Micro  Walking  Device 

A  photo-driven  micro  walking  machine  has  also  been  developed  using  the 
photostrictive  bimorphs.^)  It  was  simple  in  structure,  having  only  two 
ceramic  legs  (Smmx20mmx0.35mm)  fixed  to  a  plastic  board  (Fig. 8).  When  the 
two  legs  were  irradiated  with  purple  light  alternately,  the  device  moved  like 
an  inchworm.  The  photostrictive  bimorph  as  a  whole  was  caused  to  bend  by 
150  pm  as  if  it  averted  the  radiation  of  light.  The  inchworm  built  on  a  trial 
basis  exhibited  rather  slow  walking  speed  (several  pm/min)  as  shown  in  Fig.  9, 
since  slip  occurred  between  the  contacting  surface  of  its  leg  and  the  floor. 


Fig.6.  Structure  of  the  photo-driven  relay. 
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Fig.7.  Bimorph  deflection  of  the  device  made  from  WO3  0.5  atm%  doped  PLZT. 
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Fig. 8.  Structure  of  the  photo-driven  micro  walking  machine,  and  the  direction 
of  irradiation. 


Fig.9.  Position  change  of  the  photo-driven  micro  walking  machine  with  time. 
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CONCLUSION 


The  photostrictive  actuators  can  be  driven  by  the  irradiation  of  light  alone,  so 
that  they  will  be  suitable  for  use  in  actuators,  to  which  lead  wires  can  hardly 
be  connected  because  of  their  ultra-small  size  or  of  their  employed  conditions 
such  as  ultra-high  vacuum.  New  actuators  of  this  type  have  considerable 
effects  upon  the  future  micro-mechatronics. 

This  work  was  supported  by  US  Army  Research  Office  through  Contract  No. 
DAAL  03-92-G-0244. 
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APPENDIX  7 


Smart  Ceramics  for  Broadband  Vibration  Control 


S.  Kumar  *  A.  S.  Bhalla  and  L.  E.  Cross 
Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  PA  16802 

ABSTRACT:  The  broadband  control  of  compliance  coefficient  5jj  of  a  hard  ceramic  has  direct 
applications  in  active  vibration  control.  A  collocated  smart  system  consisting  of  ceramic  sensor, 
actuator  and  a  feedback  amplifier  is  developed  with  3.5  kHz  bandwidth  of  compliance  control 
without  using  filter  in  the  feedback  circuit.  It  is  found  that  modified  lead  titanate  with  very  low 
planar  coupling  coefficient  k,  is  most  suited  as  a  sensor  material  for  this  type  of  system.  The  require¬ 
ments  of  the  feedback  amplifier  for  such  a  system  are  discussed  and  an  amplifier  design  presented. 
The  bandwidth  of  compliance  control  is  experimentally  determined  by  bench  tests  using  a  B  and  K 
shaker. 


INTRODUCTION 

The  dynamic  compliance  coefficient  Sn  of  a  hard 
ceramic  can  be  controlled  over  a  narrowband  rather 
easily  by  incorporating  ceramic  sensor  and  actuator  in  a  col¬ 
located  structure  and  placing  a  high  Q  bandpass  filter  in  the 
feedback  circuit  [1].  The  disadvantage  of  such  a  system  is 
that  the  frequency  of  the  incident  pressure  field  on  the  smart 
structure  should  be  known  beforehand  so  that  the  bandpass 
filter  can  be  tuned  to  that  frequency.  Obviously  this  severely 
restricts  the  application  of  such  systems  to  active  vibration 
control  and  other  fields.  For  practical  applications,  the 
smart  material/system  should  have  a  reasonable  bandwidth 
of  vibration  control.  This  is  where  “smartness”  of  material 
may  come  in.  The  dynamic  compliance  ^33  of  this  smart 
material  should  be  controllable  over  a  broad  frequency 
range  and  with  a  simple  control  algorithm.  A  broadband 
control  technique  which  docs  not  require  microprocessors 
and  needs  few  electronic  components  would  also  enhance 
the  smartness  and  the  applicability  of  the  system  in  vibration 
control .  This  smart  material  would  then  sense  and  react  to 
any  pressure  fluctuation  within  the  frequency  band  and  con¬ 
tribute  to  active  vibration  control.  In  this  paper  we  present 
a  technique  which  can  be  used  to  achieve  broadband  control 
of  compliance  coefficient  ^33. 


DESIGN  CONSIDERATIONS 

The  system  in  which  the  sensor  is  mounted  on  top  of  the 
actuator  will  be  investigated  since  it  provides  the  most  effec¬ 
tive  response  to  the  pressure  fluctuations.  This  system  is 
shown  in  Figure  1.  It  is  obvious  that  a  180  degree  phase  shift 
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between  the  sensor  voltage  and  voltage  applied  to  the  actua¬ 
tor  should  be  maintained  over  the  frequency  band  of  in¬ 
terest.  A  good  broadband  system  therefore  should  have  con¬ 
stant  180  degree  phase  shift  and  gain  over  the  frequency 
band.  Maintaining  180  degree  phase  shift  (or  close  to  it)  is 
more  crucial  for  the  system  than  keeping  the  gain  flat  over 
the  frequency  band  because  if  the  gain  drops  with  frequency 
in  the  frequency  band,  the  effectiveness  of  the  smart 
material  would  be  reduced  but  if  phase  shift  is  not  close  to 
180  degrees  then  the  system  may  not  work  at  all.  Now  since 
the  amplifier  is  receiving  the  signal  from  the  sensor  and 
sending  it  to  the  actuator,  the  requirements  of  phase  and 
gain  become  the  requirements  of  the  feedback  amplifier.  It 
should  be  noted  that  a  180  degree  phase  shift  can  be  ob¬ 
tained  by  just  interchanging  positive  and  ground  leads  of  the 
sensor.  In  that  case,  the  feedback  amplifier  should  have  zero 
degree  phase  shift  and  constant  gain  over  the  frequency 
band.  The  basic  requirements  of  the  feedback  amplifier  are 
then  stated  as, 

1.  It  is  essential  to  maintain  phase  within  the  frequency 
band. 

2.  A  reasonable  gain  flatness  within  the  frequency  band. 

3.  The  amplifier  must  have  gain  and  phase  margins  for  sta¬ 
bility. 

4.  It  should  be  a  low  noise  amplification. 

Along  with  these  requirements,  there  are  also  some  con¬ 
straints  placed  on  the  feedback  amplifier.  For  example,  to 
obtain  a  reasonable  bandwidth  of  compliance  control  in  the 
low  frequency  range,  compensated  operational  amplifier 
cannot  be  used  in  the  feedback  circuit.  This  is  because  in 
compensated  operational  amplifiers,  a  pole  is  deliberately 
palced  at  some  low  frequency  typically  1  Hz  to  20  Hz.  The 
effect  of  this  is  to  have  a  90  degrees  phase  shift  over  the 
passband  for  stability  reasons.  Because  of  this  pole,  a  grad¬ 
ual  phase  change  is  introduced  at  the  low  frequency  end 
which  is  not  desired.  Also,  since  the  sensor  is  mounted  on 
top  of  the  actuator,  there  is  a  direct  field  coupling  between 
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Figure  1.  Mechanically  coupled  system.  The  sensor  is  mounted 
directly  on  top  of  the  actuator. 


sensor  and  actuator  and  oscillations  are  very  likely  to  occur 
at  one  of  the  resonance  frequencies  of  the  system  (including 
actuator  and  sensor  resonance  frequencies)  if  there  is  posi¬ 
tive  feedback  at  these  frequencies.  Preeautions  are  required 
in  designing  of  the  smart  system  and  electronic  component 
layout  to  avoid  oseillations. 

The  broadband  control  of  the  compliance  coelRcient  was 
obtained  by  using  a  wideband  feedback  amplilicr  with  high 
gain  in  the  feedback  circuit.  This  suppresses  resonant 
modes  of  the  actuator  and  eliminates  use  of  lowpass  filter  in 
the  feedback  circuit.  If  the  gain  of  the  negative  feedback  is 
high  and  has  wide  bandwidth,  i.e.,  gain  and  phase  start  to 
drop  only  at  very  high  frequency  and  no  (ilter  is  used  in  the 
circuit  then  for  any  disturbance  in  the  actuator  there  is 
negative  feedback.  The  disturbance  will  be  picked  up  by  the 
sensor,  amplified  and  fed  to  actuator  in  opposite  phase. 
Therefore  actuator  resonance  will  be  heavily  damped  and 
the  system  will  not  oscillate  at  that  frequency.  Figure  2 


Figure  2.  Desired  frequency  response  of  the  feedback  amplifier. 


shows  the  desired  frequency  response  ol  such  a  feedback 
amplifier.  For  a  sensor,  there  is  no  negative  feedback  and 
therefore  the  system  may  oscillate  at  the  sensor  resonance 
frequencies.  Therefore  it  is  imjxjrtant  to  consider  sensor 
characteristics  carefully.  Some  of  the  desired  characteristics 
of  the  sensor  used  in  a  smart  material  .system  lor  bi  oadband 
rcspon.se  arc; 

1.  Low  Q„  (required  for  broadband  response) 

2.  High  resonance  frequency 

3.  Low  kp 

4.  High  k,  and  k^. 

It  is  clear  that  PZT  would  not  be  a  good  material  to  be 
used  as  sensor  because  of  high  k^  (  -0,6).  The  radial  modes 
will  come  into  play  and  provide  additional  problems. 
Modified  lead  titanatc,  because  of  its  very  low  k^  (-0.02), 
is  a  good  sensor  material  to  be  u.scd  in  smart  system  designs. 
The  extremely  low  value  of  planar  coupling  cocllicicnt  k^ 
for  calcium  and  samarium  modified  lead  titanatc  ceramic  is 
due  to  temperature  dependence  of  which  passes  through 
zero  near  room  temperature  [2,3]. 

The  £/;,  is  the  real  part  of  the  J,,  and  k^  is  related  to  the 
transverse  coupling  cocllicicnt  Aj,  and  the  material  constants 
given  by  the  following  equation. 


A,  =  A, .12/(1  -  a'))'”  = 


f/„  |2/(l  -  g^)]‘ 

(.vf.eL)’'' 


where  is  the  Poisson’s  ratio,  j f.  is  the  clastic  compliance 
and  £3j  is  the  dielectric  permittivity. 

The  lead  titanatc  is  a  pervoskite  type  ferroelectric  belong¬ 
ing  to  the  tetragonal  4  mm  point  group  but  unlike  BaliOj,  it 
docs  not  undergo  low  temperature  phase  transition.  The 
dielectric  permittivity  of  the  lead  titanatc  shows  low  anisot¬ 
ropy.  Turik  ct  al.  [4j  have  shown  that  by  averaging  single 
crystal  properties  in  modified  lead  titanate  ceramic,  low  an¬ 
isotropy  of  dielectric  permittivity  of  lead  titanatc  gives  large 
anisotropy  of  the  piezoelectric  cocflicicnts  (large  Ju  and 
small  t/ji). 

The  actuator  should  have  a  linear  response  with  respect  to 
the  applied  voltage.  Also  a  low  capacitance  actuator  is  pre¬ 
ferred  because  of  two  reasons.  First  from  circuit  design  con¬ 
siderations,  driving  a  high  capacitive  load  creates  a  pole  at 
relatively  low  frequency  influencing  phase  characteristics 
and  second,  high  capacitance  reduces  the  slew  rate.  The 
linearity  of  the  NEC  actuator  was  checked  by  placing  a  sen¬ 
sor  on  top  of  the  actuator  and  driving  the  actuator.  The  sen¬ 
sor  voltage  was  found  to  increase  linearly  with  the  voltage 
applied  to  the  actuator  up  to  a  few  volts. 

The  feedback  circuit  is  designed  for  this  system  with  the 
following  considerations:  a)  Input  impedance:  Since  the  im¬ 
pedance  of  the  sensor  is  very  high,  the  input  impedance  of 
the  first  stage  of  the  amplifier  should  be  very  high.  FET  in¬ 
put  op-amp  may  be  used  for  the  first  stage;  b)  AC  coupling. 
The  first  stage  of  the  amplifier  should  be  AC  coupled  to  pre¬ 
vent  DC  voltage  amplification.  This  would  make  the  system 
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Figure  3.  Circuit  diagram  of  the  feedback  amplifier. 


independent  of  static  pressures.  Tlie  other  stages  should  be 
DC  coupled  otherwise  coupling  capacitors  would  form  high 
pass  filter  with  the  resistances  and  introduce  phase  shift  at 
lower  frequencies;  c)  Slew  rate:  High  speed  electronic  com¬ 
ponents  should  be  used.  When  driving  a  capacitive  load, 
slew  rale  is  limited  by  available  peak  output  current 
dV/dt  =  /p*  /Cl  where  Q  is  the  load  capacitance  (capaci¬ 
tance  of  the  actuator);  d)  Output  resistance:  Driver  output 
stage  resistance  should  be  very  low  because  this  resistance 
and  capacitance  of  the  actuator  forms  a  low  pass  filter.  Low 
load  capacitance  implies  high  3  dB  frequency  of  RC  filter 
which  is  preferred.  Low  3  dB  frequency  will  influence  the 
phase  characteristics  at  low  frequencies;  e)  The  number  of 
components:  The  total  number  of  components  in  the  feed¬ 


back  circuit  should  be  kept  as  low  as  possible  in  order  that 
the  system  can  be  miniaturized.  Figure  3  shows  the  circuit 
diagram  of  the  feedback  circuit  used  in  the  smart  system.  A 
5  to  10  pF  capacitor  is  put  across  the  feedback  resistor. 

Figure  4  shows  the  experimental  set  up.  A  shaker  (B  and 
K  Type  4810)  was  used  to  provide  pressure  fluctuations  and 
sensor  voltage  was  monitored  with  and  without  feedback. 
Figure  5  shows  the  dimensions  of  the  NEC  actuator  and 
modified  lead  titanate  sensor.  The  frequency  of  the  shaker 
was  changed  and  at  each  frequency,  the  sensor  voltage  with 
and  without  feedback  was  recorded.  The  voltage  applied  to 
the  shaker  was  kept  constant  therefore  displacement  was 
constant  and  the  force  exerted  by  the  shaker  could  change. 
If  the  experiment  is  done  with  shaker  current  constant,  then 
the  force  provided  by  the  shaker  is  constant  but  stress  on  the 
sensor  will  change  due  to  feedback  because  the  actuator 
force  is  proportional  to  the  strain.  There  was  no  filter  in  the 
feedback  circuit.  Both  Spectrum  Analyzer  HP  3585A  (20 
Hz-40  MHz)  and  Dynamic  Signal  Analyzer  HP  3562  were 
used  to  monitor  the  sensor  voltage.  Since  Dynamic  Signal 
Analyzer  has  upper  frequency  range  of  only  100  kHz,  the 
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Figure  4.  Experimental  setup  for  the  broadband  response  of  the  Figure  5.  Sensor-actuator  combination  tor  the  miniaturized  smart 
smart  system.  system. 
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Brood  Bond  Response 


Figure  6.  Broadband  response  of  the  miniaturized  smart  system. 


Spectrum  Analyzer  was  used  to  observe  the  resonance 
peaks  of  the  system. 


RESULTS  AND  DISCUSSION 

Figure  6  shows  the  broadband  response  of  the  smart 
system.  The  bandwidth  of  this  system  is  about  3.5  kHz.  For 
this  system  a  resonance  peak  was  observed  at  23.8  MHz  in 
the  frequency  spectrum  and  it  did  not  aficct  the  performance 
of  the  system.  The  reason  for  3.5  kHz  bandwidth  of  the 


broadband  system  is  because  tlic  impedance  of  the  output 
stage  and  the  actuator  capacitance  forms  a  pole  at  low  fre¬ 
quency,  Figure  7  shows  the  frequency  response  of  the 
amplilicr  when  there  is  no  capacitive  loading.  In  Figure  7. 
the  top  and  bottom  displays  show  the  magnitude  and  the 
phase  response  of  the  feedback  amplifier.  The  displays  show 
no  variation  of  magnitude  and  phase  with  fret|uencies  up  to 
10  kHz.  The  frequency  and  the  magnitude  of  the  marker  for 
the  top  display  is  shown  by  X  and  Ya  {X  =  5.038  kHz, 
Ya  -  60.12  dB).  The  phase  of  the  marker  for  the  bottom 
display  is  shown  by  Yb(Yb  =  —1.63  degrees).  The  fre¬ 
quency  of  the  bottom  display  marker  is  .same  as  that  of  top 
marker  and  is  not  shown  here.  When  a  0.18  /iF  capacitor  is 
connected  to  the  output,  the  frequency  response  of  the 
amplifier  becomes  as  shown  in  the  Figure  8  indicating  a 
pole  at  about  10  kHz.  The  reason  for  connecting  a  0.18  p¥ 
capacitance  as  that  of  actuator  as  a  load  to  the  feedback 
amplifier  is  to  find  the  clfcet  of  actuator  capacitance  loading 
on  the  system.  The  output  resistance  of  the  current  amplifier 
LH0002  is  6  ohms  and  there  is  a  scries  resistance  of  100 
ohms  for  short  circuit  protection.  The  3  dB  Ircquency  of  this 
pole  (R  =  106  ohms,  C  =  0.18  gF)  is  given  by 

=  \/2(2itRC)  =  9  kHz 

the  phase  therefore  starts  to  drop  at  low  Ircquency. 

It  is  shown  that  bandwidth  of  about  3.5  kHz  is  obtained 
for  the  control  of  the  compliance  of  the  sensor-actuator 
system.  This  implies  that  this  system  is  cIVcctivc  in  active 
vibration  control  and  partially  neutralizes  pressure  fluctua¬ 
tions  up  to  3.5  kHz.  The  fact  that  the  smart  system  has  band- 
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Figure  7.  Frequency  response  of  the  feedback  amplifier  without  capacitive  loading. 
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width  in  kiloHertz  range  at  low  frequencies  may  be  quite 
useful  for  underwater  acoustic  applications  where  low  fre¬ 
quencies  are  often  used. 

It  is  clear  that  with  this  approach  in  which  negative  feed¬ 
back  with  high  gain  is  maintained  over  a  wide  frequency 
band  is  the  right  approach  in  the  sense  that  there  is  no 
higher  order  filter  requirement,  actuator  resonant  frequen¬ 
cies  are  damped  and  the  system  can  have  large  bandwidth. 
It  should  be  pointed  out  that  no  higher  order  filter  require¬ 
ment  is  a  major  success  for  the  system.  Not  only  this  makes 
miniaturization  possible  (fewer  electronic  components)  but 
also  allows  no  drop  in  phase  over  a  wide  frequency  band. 
Gain  of  the  feedback  should  be  high  so  as  to  damp  the  actua¬ 
tor  resonance  frequencies.  However,  one  cannot  have  very 
high  gain  in  single  operational  amplifier  because  then  the 
phase  will  start  to  drop  early  due  to  low  3  dB  frequency  of 
the  op-amp.  Using  two  or  more  stages  in  the  amplifier  gives 
problems  of  coupling  capacitors  and  thermal  drift  of  d.c 
offset  voltage.  It  is  important  to  have  a  low  capacitance  actu¬ 
ator.  But  this  may  mean  larger  thickness  of  each  layer  of  the 
actuator  resulting  in  increase  in  size  of  the  actuator  and  will 
lower  its  resonance  frequency.  The  layout  and  shielding  of 
the  components  is  quite  important  to  prevent  oscillations 
due  to  use  of  uncompensated  operational  amplifiers. 

It  is  important  to  note  that  compliance  control  does  not 
depend  on  the  nature  of  the  incident  pressure  fluctuations. 
The  system  will  be  effective  for  both  sinusoidal  and  pulsed 


incident  pressure  fluctuations.  In  case  of  multiple  frequency 
component  field,  the  system  will  respond  most  effectively 
for  highest  amplitude  frequency  component. 


SUMMARY 

It  is  shown  that  a  collocated  smart  broadband  system 
(bandwidth  3.5  kHz)  can  be  developed  using  modified  lead 
titanate  as  sensor  material  and  designing  the  feedback  cir¬ 
cuit  so  that  the  resonance  frequencies  of  the  system  are  sup¬ 
pressed  and  do  not  affect  the  performance  of  the  system. 
This  system  would  be  quite  useful  in  active  vibration  control 
or  acoustic  absorption  where  small  displacements  are  suffi¬ 
cient  for  controlling  the  field. 
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ABSTRACT:  The  dynamic  compliance  coeflicicnt  S,,  of  hard  ceramic  structures  can  be  changed 
by  incorporating  them  as  sensor-actuator  combinations  and  applying  electronic  feedback  in  proper 
phase.  These  smart  ceramic  structures  can  sense  and  react  to  pressure  fluctuations  by  changing  their 
compliance  so  that  energy  can  be  removed  from  the  stimulus.  Some  basic  geometries  of  smart  struc¬ 
tures  in  which  there  is  negligible  field  coupling  between  the  sensor  and  the  actuator  and  a  basic 
smart  structure  with  very  high  field  coupling  are  developed  and  their  applications  in  active  vibration 
control  investigated.  Results  for  narrowband  vibration  control  are  presented  which  clearly  show  that 
ceramic  structures  can  be  made  harder  or  softer  depending  on  the  phase  of  the  feedback  signal. 


INTRODUCTION 

Development  of  smart  structures  and  systems  are 
gaining  considerable  attention  due  to  their  potential  ap¬ 
plications  [1-11].  Various  geometries  of  sensor-actuator 
combinations  are  possible.  In  general,  these  configurations 
can  be  classified  into  two  groups:  1)  structures  where  there 
is  negligible  or  zero  field  coupling  between  the  sensor  and 
the  actuator  and  2)  structures  where  there  is  a  strong  field 
coupling.  Figures  1  and  2  show  some  examples  of  the  two 
categories.  The  second  group  of  smart  structures  are  most 
suitable  to  control  or  modify  the  field  since  sensing  and 
actuating  takes  place  at  the  same  point.  However  they  arc 
more  difficult  to  incorporate  into  smart  systems  compared  to 
the  group  in  which  there  is  very  little  field  coupling.  This  is 
due  to  stability  aspects  of  the  system.  For  narrowband 
systems,  the  stability  problem  is  easily  handled  by  placing  a 
high  Q  bandpass  filter  in  the  system. 

In  this  paper,  we  present  several  examples  of  smart  struc¬ 
tures  in  which  there  is  negligible  field  coupling  and  a  basic 
smart  structure  with  a  very  strong  coupling  between  sensor 
and  actuator.  They  are  incorporated  in  systems  to  show  that 
the  dynamic  compliance  coefficient  5^3  of  the  structure  can 
be  controlled  by  application  of  electronic  feedback  in  proper 
phase.  Immediate  application  of  such  systems  is  in  active 
vibration  control  and  acoustic  absorption  since  such  systems 
can  remove  energy  from  the  incident  field. 

As  shown  in  Figures  1  and  2,  the  compliance  of  an  active 
or  adaptive  material  can  be  changed  in  several  ways  depend¬ 
ing  on  the  geometry  of  the  structure.  The  reason  for  classi¬ 
fying  systems  into  two  categories  is  primarily  based  on  the 
stability  considerations  of  the  systems.  If  the  acoustic  cou¬ 
pling  between  the  sensor  and  the  actuator  is  below  a  certain 
level  then  it  is  relatively  easy  to  design  the  system  so  that  the 
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sensor-actuator  combination  would  not  o.scillatc.  It  should 
be  pointed  out  tliat  if  the  feedback  gain  is  very  high,  the 
geometry  of  the  combination  will  not  matter  and  with  very 
little  field  coupling,  the  system  will  oscillate  irrespective  of 
the  phase.  The  highest  feedback  gain  before  the  oscillations 
start  depends  on  the  field  coupling  w'hich  depends  on  the 
geometry  of  the  combination. 

Structures  with  Negligible  Field  Coupling 

Some  examples  arc  discussed  to  illustrate  these  systems. 
In  an  optics  table,  such  a  system  is  used  to  isolatc/supprcss 
vibration  from  the  floor.  A  sensor  is  mounted  at  the  side  of 
the  each  leg  of  the  table  and  an  air  pressure  mount  is  placed 
underneath  the  leg.  The  sensor  converts  any  vibration  com¬ 
ing  from  the  floor  to  volUigc  which  is  amplified  and  feed¬ 
back  in  opposite  phase  to  the  air  pressure  controller  of  the 
mount  to  adjust  the  air  pressure  so  that  vibration  amplitude 
is  neutralized.  Another  example  would  be  that  of  a  smart 
skin  over  a  submerged  object  surface.  This  skin  would  have 
actuators  only.  The  whole  object  surface  area  could  be 
divided  into  smaller  areas  and  a  sensor  could  be  placed  in 
front  of  each  smaller  surface  areas.  The  sensor  should  be 
very  small  in  size  so  that  the  incident  acoustic  field  on  the 
object  is  not  affected  by  the  sensor.  The  phase  delay  in  the 
system  because  of  the  separation  between  sensor  and  actua¬ 
tor  could  be  corrected  electronically  in  the  feedback  con¬ 
trol. 

In  the  case  of  a  sensor  within  the  actuator,  advantage  is 
taken  of  the  geometrical  design.  Figure  1  shows  some 
designs  in  detail.  Depending  on  the  application,  the  sensor 
surface  could  be  flush  with  the  actuator  surface  or  the  sen¬ 
sor  could  be  mounted  on  the  bottom  plate.  In  the  case  where 
the  sensor  surface  is  flush  with  the  actuator  surface,  the 
sensor  directly  senses  the  vibration  or  the  acoustic  field.  In 
the  other  case  where  sensor  is  put  on  the  bottom  plate,  the 
sensor  may  sense  the  vibration  transmitted  through  the  actu¬ 
ator  [Figure  1(c)]. 
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Figure  1.  Mechanically  decoupled  systems.  In  each  geometry,  the 
sensor  is  mechanically  isolated  from  the  actuator . 


In  all  the  above  examples,  the  sensor  is  mechanically 
decoupled  from  the  actuator.  This  makes  the  design  of  such 
systems  easier  because  the  sensor  does  not  respond  directly 
to  the  actuator  and  oscillations  are  less  likely  to  occur. 
Oscillations  will  occur  in  a  feedback  system  if  for  any  fre¬ 
quency  there  is  positive  feedback. 


Structure  with  Strong  Field  Coupling 

Consider  a  system  as  shown  in  Figure  2.  The  sensor  is 
mounted  directly  on  top  of  the  actuator  (mechanically  cou¬ 
pled  to  the  actuator).  In  this  configuration,  there  is  very 
strong  field  coupling  between  the  sensor  and  the  actuator. 
This  is  also  a  better  system  because  sensing  and  actuating 
take  place  at  the  same  point.  This  system  provides  more  ef¬ 
fective  control  over  the  stimulus.  From  Figure  2,  it  is  also 
easy  to  see  the  efiect  of  feedback  on  the  sensor-actuator 
combination.  If  the  feedback  electronics  is  such  that  the 
sensor  voltage  is  amplified,  inverted  in  phase  and  fed  to  the 
actuator,  then  for  an  incident  sinusoidal  pressure  wave,  the 
top  sensor  surface  will  move  back  and  forth  because  of  the 
actuator  action.  When  the  pressure  is  increasing  at  the 
sensor  surface,  the  actuator  contracts  thereby  moving  the 


Figure  2.  Mechanically  coupled  system.  The  sensor  is  mounted 
directly  on  the  top  of  the  actuator. 


sensor  away  from  the  original  position.  Similarly,  when 
pressure  is  reducing  at  the  sensor  surface,  the  actuator  ex¬ 
pands  thereby  moving  the  sensor  ahead  from  the  original 
position. 

The  efi'cct  of  moving  the  sensor  surface  in  this  manner  is 
to  increase  the  time  interval  dt  over  which  momentum  is 
transferred  to  the  sensor  surface  resulting  in  less  force  seen 
by  the  surface.  The  material  in  effect  has  become  more  com¬ 
pliant.  There  are  two  possible  mechanisms  which  are  in¬ 
volved  in  the  removal  of  the  energy  from  the  incident 
pressure  fluctuations.  First,  the  energy  from  the  pressure 
fluctuations  can  be  absorbed  by  the  material  in  the  form  of 
heat  due  to  the  loss  factor  of  the  material.  For  a  perfectly 
elastic  solid,  no  energy  is  absorbed  in  the  deformation  pro¬ 
cesses,  i.e.,  energy  stored  in  the  solid  on  compaction  is 
recovered  from  the  solid  when  it  recovers  original  dimen¬ 
sions.  Similarly,  in  tension  on  the  rarefaction  cycle  energy  is 
stored  which  is  recovered  at  the  zero  of  the  deformation. 
Second,  the  energy  can  go  to  the  source  which  is  driving  the 
actuator.  This  can  be  understood  in  the  following  way:  Con¬ 
sider  the  sensor-actuator  combination  with  negative  feed¬ 
back  as  shown  in  Figure  3.  When  there  is  no  incident 
pressure  fluctuation,  the  amplifier  is  driving  the  actuator 
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Figure  3.  Energy  absorption  by  a  smart  material. 
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and  some  current  lo  is  flowing  in  the  feedback  circuit.  If 
there  is  an  incident  pressure  fluctuation,  because  of  the 
phase  in  the  feedback  system,  the  incident  pressure  fluctua¬ 
tion  will  help  the  amplifier  drive  the  actuator.  The  current 
flowing  in  the  feedback  circuit  will  be  less  than  lo.  This  im¬ 
plies  that  energy  of  the  incident  pressure  fluctuation  is  going 
to  the  source  driving  the  amplifier.  It  is  easy  to  sec  the  effect 
of  the  same  phase  voltage  feedback  on  the  compliance  of  the 
sensor-actuator  combination.  The  system  will  become  less 
compliant  and  will  not  remove  energy  from  the  incident 
field. 


EXPERIMENTAL  AND  RESULTS 

Sensor-Actuator  Geometry  1 

Figure  4  shows  the  details  of  the  experimental  set-up.  A 
piezoelectric  actuator  (PZT,  EDO  Western  Corporation) 
was  used  as  a  driver  to  generate  pressure  fluctuations.  This 
sensor-actuator  geometry  can  be  used  to  isolate  the  floor 
from  heavy  machinery  and  equipment  producing  vibrations. 
This  system  would  reduce  the  vibration  level  at  the  bottom 
plate  which  is  on  the  ground.  The  driver  in  this  experiment 
could  be  a  heavy  machine. 

Although  the  driver  (actuator)  was  not  clamped  on  the  top 
side,  it  does  provide  some  coupling  of  stress  to  the  steel 
plate  (3'  X  4"  x  0.5")  underneath  it.  A  low  level  source 
like  this  was  acceptable  in  this  experiment  because  the  aim 
of  the  experiment  was  to  check  the  feasibility  of  this  sensor- 
actuator  geometry.  These  pressure  fluctuations  pass  through 
the  actuator  of  the  smart  material  and  are  picked  up  by  a 
PZT  sensor  (2  mm  dia.,  5  mm  long).  The  signal  is  ampli¬ 
fied  by  a  preamplifier,  filtered  by  selective  amplifier  (band¬ 
pass  filter,  Q  =  100,  Model  189  Princeton  Applied 
Research),  adjusted  in  phase  (821  phase  shifter,  Keithley  In¬ 
struments)  and  then  sent  to  actuator  (1.25"  dia.,  1.75"  long, 
0.25"  dia.  hole  along  the  axis).  The  sensor  voltage  is  moni¬ 
tored  after  preamplification  by  HP3562  Dynamic  Signal 
Analyzer.  The  driver  frequency  was  1.06  kHz  and  the  driver 
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Figure  4.  Experimental  set-up  for  testing  the  effectiveness  of  the 
sensor-actuator  geometry  1  for  vibration  controi. 


Figure  5.  Variation  of  the  sensor  voitage  with  phase  lor  the  sensor- 
actuator  geometry  1. 


(actuator)  was  driven  by  a  546  mV  signal  (F47  Interstate 
Sweep  Generator).  Without  feedback,  the  sensor  voltage 
was  measured  to  be  215  mV.  Feedback  gain  was  kept  con¬ 
stant  and  phase  was  changed  by  a  phase  shifter  in  the  circuit. 
Figure  5  shows  the  variation  of  sensor  voltage  with  phase. 
This  clearly  shows  that  vibration  amplitude  can  be  in¬ 
creased  or  decreased  depending  on  the  value  of  the  phase. 
The  system  is  found  to  be  unstable  for  the  other  phase  angles 
because  the  feedback  becomes  positive. 


Sensor-Actuator  Geometry  2 

In  this  experiment,  the  geometry  of  the  sensor-actuator 
combination  is  slightly  different  as  shown  in  Figure  6.  This 
sensor-actuator  geometry  can  also  be  used  to  isolate  equip¬ 
ment  and  heavy  machines.  In  this  geometry,  the  vibration 
field  is  reduced  at  the  top  steel  plate.  The  pressure  fluctua¬ 
tions  do  not  pass  through  the  actuator  to  reach  the  PZT  sen¬ 
sor.  As  before,  the  pressure  fluctuations  arc  picked  up  by  the 
PZT  sensor.  The  signal  is  amplified  by  a  preamplifier, 
filtered  by  selective  amplifier  (bandpass  filter,  Q  =  100), 


Drivsr  (PZT  actuotor) 
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Figure  6.  Experimental  set-up  tor  testing  the  efiectiveness  ol  the 
sensor-actuator  geometry  2  tor  vibration  controi. 
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adjusted  in  phase  by  phase  shifter  and  then  sent  to  the  actua¬ 
tor.  The  sensor  voltage  is  again  monitored  after  preamplifi- 
cation  by  Dynamic  Signal  Analyzer  HP3562.  Two  diflerent 
values  of  driver  voltage  were  chosen  to  see  the  effect  of 
larger  amplitude  pressure  lluctuations.  In  the  first  case, 
driver  voltage  was  taken  to  be  1.49  V  and  in  second  ca.se 
13.75  V.  The  driver  frequency  in  each  case  was  1.015  kHz. 
Without  feedback,  the  sensor  voltage  was  5.331  mV  in  the 
first  case  (driver  voltage  =  1.49  V)  and  was  37.417  mV  for 
the  second  case  (driver  voltage  =  13.75  V).  Figures  7(a) 
and  7(b)  show  the  variation  of  sensor  voltage  with  phase  at 
different  driving  voltages.  In  these  cases  also  the  systems  are 
found  to  be  unstable  at  other  pha.se  angles  because  the  feed¬ 
back  becomes  positive. 

To  study  the  feasibility  of  eompliance  control  of  a  smart 
structure  with  strong  field  coupling  as  shown  in  Figure  2,  a 
bench  experiment  was  done.  The  experimental  set-up  is 
shown  in  Figure  8.  The  driver  was  a  PZT  actuator  which 


Sensof-Actuotor  Geometry  2 


Fiaure  7.  Variation  of  the  sensor  voltage  with  phase  lor  the  sensor- 
actuator  geometry  2.  (a)  driver  voltage  =  1.49  V,  (b)  (drtver  volt¬ 


age  =  13.75  V). 


Figure  8.  Experimental  set-up  to  study  the  feasibility  of  the  com¬ 
pliance  control  of  a  strongly  coupled  structure. 


sends  pressure  fluctuations  through  sensor  1  and  qc  rubber 
to  the  .sensor  2-actuator  2  combination  which  is  the  smart 
material.  Sensor  1  and  sensor  2  are  PZT  discs  (0.5  dia.,  1^ 
mm  thick).  Driver  and  actuator  2  are  PZT  actuators  (0.5 
dia.,  0.25"  long,  EDO  Western  Corporation).  One  side  of 
both  driver  and  aetuator  2  are  clamped  to  heavy  brass  plates 
(3"  X  1"  X  0.5")-  These  two  brass  plates  are  bolted 
together  so  as  to  adjust  the  static  pressure  on  sensor  2- 
actuator  2.  Some  ground  planes  (thin  aluminum  foil)  were 
introduced  between  driver  and  sensor  2  to  avoid  direct  elec¬ 
trical  pickup. 

The  feedback  components  between  sensor  2  and  actuator 
2  consisted  of  a  preamplifier  (built  by  the  author),  selective 
amplifier  (high  Q  filter.  Model  189  Princeton  Applied 
Research)  and  a  phase  shifter  (821  phase  shifter,  Keithley 
Instruments).  Sensor  1  was  connected  to  another  pre¬ 
amplifier  and  then  to  a  Spectrum  Analyzer.  The  driver  was 
driven  by  a  sinusoidal  voltage  source  (F47  Interstate  Sweep 
Generator)  of  low  frequency.  Although  the  driver  is  sending 
the  pressure  wave  at  single  frequency  to  the  rubber,  other 
modes  of  vibration  can  develop  in  the  rubber  and  will  be 
picked  up  by  .sensor  2.  To  avoid  these  other  modes  in  the 
feedback  circuit,  a  selective  amplifier  was  used. 

Suppose  there  is  no  feedback  between  sensor  2  and  actua¬ 
tor  2.  Then  a  low  frequency  pressure  wave  passing  through 
the  rubber  will  strike  sensor  2  and  will  be  partially  reflected 
back.  Sensor  1  will  develop  some  voltage  (at  that  frequency) 
depending  on  the  relative  pressure  on  its  sides.  That  voltage 
of  sensor  1  is  measured  and  recorded.  If  feedback  between 
sensor  2  and  actuator  2  is  allowed  in  the  opposite  phase, 
then  the  pressure  wave  passing  through  the  rubber  will  see 
a  compliant  surface  at  .sensor  2.  The  reflection  will  be  less 
in  this  case  and  sensor  1  should  develop  lesser  voltage  com¬ 
pared  to  without  feedback.  Sensor  1  voltage  therefore  is  a 
measure  of  the  effectiveness  of  the  smart  material.  Figure  9 
shows  the  result  of  the  experiment.  The  driver  frequency 
was  changed  from  10  Hz  to  150  Hz  and  at  each  frequency 
the  selective  amplifier  was  tuned.  Figure  9  therefore  repre- 
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sents  a  narrow  band  response.  The  reduction  by  factor  of  six 
in  the  sensor  1  voltage  was  observed  up  to  150  Hz.  This 
result  is  quite  significant.  The  softest  material  between  the 
driver  and  the  smart  material  is  the  rubber.  If  one  is  able  to 
influence  the  stress  in  the  system  as  this  experiment  shows, 
then  the  compliance  of  the  ceramic  (smart  material)  is  of  the 
same  order  as  that  of  a  rubber. 

It  should  be  noted  that  for  low  driving  frequencies,  the 
acoustic  wavelengths  are  very  large  compared  to  the  struc¬ 
ture  and  therefore  the  structure  can  be  considered  as  a 
lumped  system.  This  means  that  at  any  given  instant  the 
stress  is  the  same  in  all  elements  in  the  rigid  frame.  From 
the  experimental  point  of  view,  it  would  not  make  a 
difference  if  sensor  1  and  sensor  2  leads  arc  interchanged. 


Figure  9.  Response  of  sensor  1  with  and  without  feedback.  This  re¬ 
sponse  indicates  the  relative  compliance  of  the  sensor-actuator 
combination  with  respect  to  the  compliance  of  the  rubber. 


SUMMAIiY 

The  control  of  compliance  cocllicient  i’j.i  of  the  various 
smart  structures  clearly  show  that  the  acoustic  or  vibration 
field  can  be  influenced  by  such  structures  with  proper  elec¬ 
tronic  feedback.  These  systems  are  most  suited  for  tlie  ap¬ 
plications  where  the  frequency  of  the  acoustic  or  vibration 
field  to  be  controlled  is  known  beforehand  so  that  the 
systems  can  be  tuned  to  that  particular  frequency.  For  fields 
of  unknown  frequency,  these  narrowband  systems  will  not 
be  useful  and  therefore  development  and  design  of  systems 
with  broadband  response  is  required.  The  design  of  one 
broadband  smart  structure  incorporated  in  a  system  will  be 
presented  in  anotlier  paper.  It  should  also  be  pointed  out  that 
in  all  the  experiments  described  in  this  paper,  the  actuator 
displacement  is  small  (microns)  due  to  use  of  piezoelectric 
actuators.  This  may  reduce  the  overall  efl'ectiveness  of  these 
systems  in  some  applications  where  large  displacement  of 
the  actuator  is  required  for  effective  control  of  the  field. 
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The  structural  characteristics  and  ferroelectric  phase  transition  behaviour  of  chemically  derived 
lanthanum-substituted  lead  titanate  powders  have  been  investigated  by  high-temperature  X-ray 
diffraction  and  differential  scanning  calorimetry.  Using  X-ray  line  profile  analyses  and  precise 
lattice  parameter  determinations,  the  important  influence  of  strain  coupling  through 
lanthanum/vacancy-induced  defect  fields  on  the  first-order  character  of  the  ferroelectric  phase 
transition  was  demonstrated.  The  relaxation  of  the  lattice  to  the  defects  as  observed  in  the  X- 
ray  measurements  was  correlated  with  the  onset  of  diffuse  phase  transition  behaviour  revealed 
by  the  calorimetry  experiments.  The  lattice  relaxation  mechanism  was  connected  with  the 
appearance  of  mesoscopic  modulations  of  the  ferroelectric  domain  structure,  and  with 
anomalies  in  the  dielectric  behaviour  near  the  transition. 


1.  Introduction 

Lead  titanate  is  generally  regarded  as  one  of  the  best- 
behaved  ferroelectric  perovskites.  Of  the  seven  proper 
ferroelectric  phases  allowed  by  the  symmetry  of  the 
Pm3m  prototype,  it  exhibits  only  one  confirmed  trans¬ 
ition  at  763  K  to  a  tetragonal  P4mm  phase  [I].  The 
transition  is  strongly  discontinuous,  with  a  latent  heat 
of  at  least  l.SkJmol”'  [2].  Raman  spectra  show 
sharp,  well-defined  modes  that  all  correctly  obey  the 
selection  rules  and  disappear  abruptly  at  T,.  [3].  Based 
on  inelastic  neutron  scattering  data,  PbTiOj  has  been 
seen  as  a  textbook  example  of  a  purely  displacivc 
ferroelectric  [4],  although  some  evidence  for  a  com¬ 
ponent  of  order-disorder  behaviour  has  more  recently 
been  reported  [5].  Nevertheless,  the  transition  behavi¬ 
our  appears  to  be  well  described  [6— by  the  pheno¬ 
menological  theory  of  fcrroelectricity  [lO]. 

At  room  temperature  the  tetragonal  distortion  of 
lead  titanate  is  large,  with  lattice  constants 
a  =  0.3899  nm  and  c  =  0.4l54nm  [I  I].  This  trans¬ 
lates  into  a  spontaneous  strain,  relative  to  the  proto¬ 
type  at  the  same  temperature,  of  nearly  5.0%  [8].  The 
tetragonal  crystal  structure  involves  only  minimal 
distortion  of  the  oxygen  octahedra,  and  has  atomic 
displacements  along  the  polar  axis  of  dzji  =  0.0I7  nm 
and  dzo„,  =  dzo,n,  =  0.047  nm  relative  to  Pb  at  the 
origin.  These  displacements  give  rise  to  a  spontaneous 


polarization  that  is  unusually  large  (~0.75Cm'^) 
[13,  14]. 

The  break  in  translational  periodicity  caused  by  the 
introduction  of  lattice  defects  leads  to  rather  dramatic 
changes  in  the  structural  properties  and  ferroelectric 
phase  transition  behaviour  of  lead  titanate  [1 5,  1 6]. 
An  understanding  of  the  role  of  these  defects  is  import¬ 
ant,  since  doping  with  aliovalent  impurities  is  eom- 
monly  used  to  control  the  electrical,  optical  and  elas- 
todielcctric  properties  of  lead  titanate  and  its  techno¬ 
logically  important  solid  solution  with  lead  zirconatc. 

In  this  connection,  compositions  in  the  system 
PbO-TiOj-La^Oj  (Fig.  I)  are  of  particular  interest. 
The  tetragonal  distortion  ((c/n)  —  I )  of  lead  titanate  is 
strongly  alTectcd  by  the  substitution  of  lanthanum, 
and  the  lattice  constants  sulTcr  deviations  from 
Vegard’s  law  over  a  compositional  interval  extending 
from  approximately  2.5  to  I0at%  [1 8].  This  deviation 
reduces  the  initial  slope  of  the  tetragonal  distortion- 
composition  curve  by  a  factor  of  about  four.  The 
behaviour  of  the  cell  constants  is  reminiscent  of  that 
observed  for  lead  titanate  single  crystals  subjected  to 
hydrostatic  compressive  stress  [1 9],  where  it  is  found 
that  at  room  temperature,  the  transition  passes  in 
proximity  to  a  Curie  critical  point  at  a  critical  stress  of 
l.75GPa  [20].  Indeed,  the  characteristic  first-order 
discontinuity  of  the  reciprocal  permittivity  at  the 
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Figure  I  Parlinl  isollKTmal  section  at  160.1  K  for  the 
PbO-LajOj-TiOj  system  referring  to  compositions  of  general 
formula  Pb,  -,,La,  [TiJ  O,  (after  Hennings  [IfJI 


transition  is  greatly  diniinished  by  the  introduetion  of 
as  little  as  0.2  at%  lanthanum  [21]. 

In  addition  to  reducing  the  first-order  character  of 
the  transition,  the  substitution  of  lanthanum  induces 
anomalous  or  “dilTusc"  phase  transition  behaviour 
characterized  by  a  pronounced  smearing  of  the  dielec¬ 
tric  susceptibility-temperature  curve.  Studies  of  the 
dielectric  properties  of  ceramic  specimens  with  dilTer- 
ent  grain  sizes  and  lead  stoichiometries  have  demon¬ 
strated  that  a  change  from  conventional  to  diffuse 
ferroelectric  phase  transition  behaviour  occurs  at  lan¬ 
thanum  concentrations  above  about  5  at%  [22].  For 
lanthanum  concentrations  higher  than  about  I0at“/o, 
the  values  of  the  permittivity  near  the  transition  arc 
some  100%  larger  than  would  be  predicted  by  the 
generalized  Lydanne-Sachs-  Teller  relationship  [23], 
suggesting  that  the  relaxation  of  the  structural  dis¬ 
order  introduced  by  the  lanthanum  in  some  way 
provides  additional  contributions  to  the  dielectric  re¬ 
sponse  above  what  is  expected  from  the  soft  mode 
theory  [24].  This  structural  disorder  appears  in  the 
Raman  spectra  as  an  additional  mode  that  does  not 
obey  the  selection  rules  [25]. 

The  present  investigation  was  undertaken  in  order 
to  gain  a  better  understanding  of  the  structural  factors 
influencing  the  breakdown  of  conventional  ferroelec¬ 
tric  pha.se  transition  behaviour  as  observed  in  lan¬ 
thanum-substituted  lead  titanate.  A  series  of  well- 
crystallized  powder  specimens  were  prepared  accord¬ 
ing  to  the  A-site  vacancy  formula  [17]  (Pb,_,  j^La^ 
[Ti]03)  using  a  chemical  method  based  on  a  modifica¬ 


tion  [26]  of  the  solution-gelation  (sol-gel)  technique 
developed  for  lead  titanate  [27].  The  phase  transition 
behaviour  of  these  materials  was  examined  directly  by 
differential  scanning  calorimetry  and  by  high-tenipcr- 
aturc  X-ray  diffraction.  The  diffractometer  employed 
was  specially  configured  to  yield  high-quality  data  on 
line  profile  shape.  This  allowed  the  temperature  evolu¬ 
tion  of  both  the  macroscopic  and  microscopic  lattice 
strain  to  be  studied.  These  data  were  preferred  over 
data  such  as  might  be  obtained  from  ceramic  speci¬ 
mens.  because  they  arc  not  likely  to  be  strongly  com¬ 
promised  by  the  effects  of  clastic  boundary  conditions, 
which  can  be  uncertain  in  densely  sintered  poly¬ 
crystalline  bodies,  and  which  can  influence  the  phase 
transition  behaviour  and  ferroelectric  properties. 

2.  Experimental  procedure 
2.1.  Sol-gel  powder  synthesis 
Powders  for  calorimetric  and  X-ray  studies  were  pre¬ 
pared  from  lead  acetate  trihydrate,  lanthanum  isopro- 
poxide  and  titanium  isopropoxide  dissolved  in  2- 
mcthoxyethanol  according  to  a  modification  of  a 
previously  developed  procedure  [26,  27].  All  manip¬ 
ulations  of  the  starling  chemicals  and  reaction  mix¬ 
tures  were  carried  out  under  anhydrous  conditions  in 
a  Braun  glove  box  fitted  with  a  recirculating  dry 
nitrogen  purge  and  liquid  nitrogen  cooled  vapour 
trapping  system.  The  box  atmosphere  was  sulTicicntly 
dry  (  <  5  p.p.m.  HjO)  that  no  fuming  was  visually 
detectable  on  exposure  to  diethyl  zinc. 

In  each  case,  the  preparation  was  based  on 
16.8  mmol  of  titanium  isopropoxide,  which  was  meas¬ 
ured  out  volumetrically  using  a  microlitre  pipet.  The 
corresponding  amounts  of  lead  acetate  trihydrate  and 
lanthanum  isopropoxide  required  to  make  samples 
with  y  =  0,  0.005,  0.01,  0.02,  0.035,  0.05  and  0.15 
according  to  the  formula  Pb,.,  5,La,  [TOO3  were 
weighed  out  on  an  electronic  balance  precise  to  1  mg. 
The  required  distillation  and  refluxing  operations  of 
the  starting  solutions  were  conducted  under  dry  argon 
purge  in  a  standard  glass  distillation  apparatus  util¬ 
izing  ground-glass  joints.  The  refluxing  was  continued 
until  the  temperature  of  the  vapours  eondensing  in  the 
still  head  reached  that  of  the  boiling  point  of  the  pure 
solvent. 

The  water  for  hydrolysis  (4  mol  per  mol  alkoxide) 
was  introduced  to  the  reaction  mixture  at  <  250  K  as 
a  solution  in  2-mcthoxycthanol.  Transparent  amber- 
coloured  gels  were  obtained  on  warming  this  mixture 
to  room  temperature.  After  volatilizing  the  entrapped 
solvent,  the  gel  products  were  gently  powdered  in  a 
mortar  and  were  calcined  on  platinum  foil  within  a 
closed,  virgin,  alumina  crucible.  The  maximum  cal¬ 
cining  temperature  was  1323  K(l  h)with  intermediate 
holds  on  heating  at  623  K  (1  h)  and  1073  K  (3  h).  The 
resultant  light  yellow  powders  were  examined  by 
transmission  electron  microscopy  and  showed  no 
evidence  of  seeond  phases,  amorphous  material,  or 
incomplete  or  inhomogeneous  reaction.  The  nominal 
compositions  of  the  powders  were  checked  by  com¬ 
paring  the  tetragonal  distortion  determined  by  X-ray 
diffraction  against  the  previously  reported  values  [18]. 
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2.2.  X-ray  measurements 

X-ray  powder  di(Traclion  dala  were  collected  on  a 
Siemens  D500  dilTraclometer  equipped  with  an  in¬ 
cident-beam  monochromator  and  .scanning  linear 
position-sensitive  detector  (PSD).  'I  he  monochrom¬ 
ator  consisted  of  a  focusing  crystal  of  germanium  that 
virtually  eliminated  the  peaks  associated  with  the 
component  of  the  Cu  radiation.  The  near  elimination 
of  the  brcmsstrahlung  resulted  in  reduced  intensity  in 
the  tail  region  of  the  diffraction  peaks  and  increased 
the  peak  to  background  ratio.  The  use  of  the  PSD 
resulted  in  dramatic  increases  in  the  diffraction  signal. 
Although  this  gave  rise  to  some  small  increase  in  the 
peak  width,  as  an  overall  indication  of  the  resolution 
of  the  system,  the  typical  full  width  at  half  maximum 
for  the  Bragg  peaks  of  a  lanthanum  hexaboride  refer¬ 
ence  standard  (Standard  Reference  Material  No.  660) 
was  approximately  0.06"  in  20.  Ambient  temperature 
dala  were  collected  using  zero-background  quartz 
plates  on  to  which  the  specimens  were  uniformly 
deposited  from  an  isopropanol  suspension.  The  scan 
ranges  were  from  18  to  98"  20  with  a  step  increment  of 
0.01°  and  a  scan  rate  for  the  PSD  of  0.6  "  min'  '.  With 
a  PSD  window  of  4.67°,  this  translated  into  a  count 
time  of  7.78  min  per  step. 

High-temperature  data  were  collected  on  the  same 
dilTractometer  fitted  with  a  Biililcr  hot  stage  utilizing 
two  platinum  heaters.  The  first  of  these  was  a  strip 
heater  on  which  the  specimen  resided  during  analysis. 

A  second  heater  surrounded  the  first  and  was  posi¬ 
tioned  to  reduce  temperature  gradients.  The  temper¬ 
ature  was  measured  with  a  type  S  thermocouple  wel¬ 
ded  to  the  underside  of  the  heating  strip.  The  scan 
range  and  step  increment  were  the  same  as  those  used 
in  the  collection  of  the  room-temperature  data,  but  the 
scan  rate  was  increased  to  1.25"  min"‘  (count  time  = 
3.86  min  per  step).  The  data  were  collected  in  5  K 
increments  straddling  the  anticipated  cubic  -*  tetra¬ 
gonal  transition  temperature  by  20  K,  and  in  10  K 
increments  straddling  this  temperature  by  40  K.  All 
dala  were  collected  on  cooling,  with  additional  data 
collected  at  100  K  increments  as  the  specimen  cooled 
to  the  final  temperature  of  373  K.  The  data  were 
collected  in  an  air  atmosphere. 

All  data  analysis  was  performed  using  the  Siemens 
DIFFRAC  5000  software.  Lattice  parameters  were 
determined  by  the  least-squares  refinement  method 
using  15-20  of  the  tetragonal  reflections  and  all  of  the 
cubic  reflections  appearing  in  the  scan  range.  The 
peak  positions  were  determined  using  a  variable  tip- 
width  peak-locating  algorithm  based  on  a  second- 
derivative  test.  The  results  of  the  algorithm  were 
visually  inspected  by  expanding  each  peak  region  on  a 
monitor,  and  manual  corrections  to  the  peak  positions 
were  made  when  necessary. 

The  peak  positions  so  determined  were  corrected  by 
applying  a  calibration  curve  generated  by  fitting  a 
second-order  polynomial  to  the  known  peak  positions 
for  the  lanthanum  hexaboride  (SRM  660)  external 
reference  standard.  Using  this  procedure,  the  absolute 
angular  preeisions  of  the  least-squares  fits  for  pure 
lead  titanate  at  room  temperature  seldom  exceeded 
0.005°  20.  For  reasons  that  will  become  evident,  the 


precision  of  the  (its  for  the  hmthanum-modilied  speci¬ 
mens  varied  somewhat,  but  were  almost  always  better 
than  0.025"  20.  A  comparable  precision  was  achieved 
in  the  fits  of  high-temperature  data.  Because  of  the 
smaller  tetragonal  distortion  and  moie  pronouneed 
broadening  of  the  dilTraetion  profiles  observed  for  the 
specimen  with  y  =  0.05.  this  procedure  proved  imprac¬ 
tical  in  analysing  the  high-temperature  data.  Instead, 
the  peak  positions  of  the  213/312/321  rellections  for 
this  speeimen  were  determined  by  ileeonvolulion  and 
these  were  then  used  to  calculate  the  lattice  para¬ 
meters,  More  scatter  in  the  data  for  this  sample  was 
therefore  observed. 

Line  profile  analyses  were  conducted  by  fitting  the 
dilTraetion  profiles  to  split  Pearson  distributions. 
Pearson  tyiic  VII  distributions  are  of  the  form  [28 1 


with  Vo  =  v(.v).  The  full  width  fi  at  the  (l/;))lh  max¬ 
imum  is 

=  2«Lm(;>""  -  I)]'-  (2) 

The  function  varies  from  Lorent/.ian  when  in  =  I  to 
Gaussian  in  the  limit  in  =  /.  .  The  split  distributions 
allowed  the  profile  shape  on  the  low  and  high  angle 
sides  of  x  to  be  fitted  with  separate  exponents,  in'  and 
III".  These  distributions  gave  two  values  for  the  corres¬ 
ponding  equivalent  full  width  tit  half  maximum 
(FWHM),  |5‘'  and  ()".  and  so  permitted  the  investiga¬ 
tion  and  i|uantification  of  the  profile  symmetry. 

2.3.  Calorimetry 

DilTcrential  scanning  calorimetry  (DSC)  was  per¬ 
formed  using  two  calorimeters.  Lstimates  of  the  phase 
transition  temperatures  were  made  using  a  Perkin 
Elmer  DSC-2C  calorimeter  calibrated  to  a  zinc  foil 
reference  standard.  The  samples  (40  to  60  mg  in  size) 
were  weighed  out  on  an  electronic  microbalance  that 
was  precise  to  0.01  mg  and  were  sealed  in  aluminium 
capsules.  The  measurements  were  made  in  heating 
runs  performed  under  a  dry  nitrogen  purge  using  ;i 
scan  rate  of  2.5  K  tnin  *.  1  rtuisition  temiieratures 
were  estimated  directly  from  the  calorimetei  pow'cr 
versus  temperature  curves  using  the  Perkin  Elmei 
software.  Prior  to  the  experiments,  the  operational 
controls  of  the  instrument  were  carefully  adjusted  to 
achieve  a  degree  of  baseline  llatness  sutlieient  for  these 
estimations  to  be  readily  made  without  applying  base¬ 
line  slope  or  curvature  corrections.  Although  enthal¬ 
pies  of  transition  could  also  be  estimated  from  these 
data,  the  signal  from  the  higher  lanthanum  content 
materials  was  weak,  and  not  suitable  lor  analysis. 
Consequently,  the  enthalpies  of  transition  of  selec¬ 
ted  samples  were  measured  using  a  Setaram  I  G-DSC 
1 1 1  calorimeter  operated  in  the  horizontal  configura¬ 
tion.  The  Setaram  DSC  is  a  microcalorimetcr  of  the 
twin  Calvct  design.  The  temperature  of  the  instrument 
was  calibrated  to  the  melting  points  of  high-purity 
^99  999  +  »/„)  111,  l»b,  Zn  and  Al.  Power  calibration 
was  performed  electrically  using  a  Joule  efiect 
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device.  Again,  llic  .samples  were  weiglied  out  on  an 
cleeironie  balance  that  was  precise  to  0.01  mg  and 
were  sealed  in  aluminium  crucibles.  The  measure¬ 
ments  were  made  in  heating  runs  in  a  static  air 
atmosphere  at  scan  rates  of  1  5  K  min  ‘. 

[•or  the  purposes  of  comparing  the  transition  beha¬ 
viour  of  the  various  specimens,  enthalpies  of  transition 
were  estimated  directly  from  the  power  versus  temper¬ 
ature  curves  using  a  thermtil  analysis  software  pack¬ 
age  (Astra  Scientihe  International).  'I  he  procedure 
adopted  for  carrying  out  the  integration  of  these 
curves  was  tested  by  measuring  the  enthalpy  of  the 
3[->(l  transition  for  a  high-purity  synthetic  quartz 
sample.  The  transition  enthalpy  so  obtained  was 
0.610  kJ  mol"'  and  was  reproducible  to  within 
-  0.03  k.l  mol  ■ '.  This  result  was  in  good  agreement 
with  the  recent  literature  value  of  0.625  k.l  mol  '  [29]. 
However,  it  must  be  emphasized  that,  although  useful 
for  comparative  purposes,  the  transition  enthalpies 
obtained  in  this  way  should  be  regarded  as  estimates. 
A  more  detailed  analysis  of  precise  licat  capacity  data 
would  be  required  to  accurately  determine  these  values. 


3.  Results  and  analysis 
3.1.  Structural  studies 

An  X-ray  powder  dilTraetion  pattern  collected  on  the 
sol -gel  derived  lead  titanate  at  room  temperature  is 
shown  in  Fig.  2.  The  high  degree  of  crystallinity 
evident  in  the  pattern  is  representative  of  that  ob¬ 
served  for  all  of  the  specimens  examined.  The  peak 
intensity  on  the  100%  peak  varied  from  1500  to 
3000c.p.s.  depending  on  the  lanthanum  concentra¬ 
tion.  while  the  backgrotmd  signal  seldom  exceeded 
20c.p.s.  Consequently,  no  background  subtraction, 
smoothing  or  other  data  corrections  were  required. 
Careful  inspection  and  fitting  of  the  background 
around  a  variety  of  U/  rcnections  across  the  entire 
scan  range  revealed  no  rcnections  associated  with 
secondary  phases,  and  no  anomalous  background 
scattering  could  be  detected. 


20  (ducjl 

Finiirr  :  X-ray  powder  dilTraclion  pallcrn  for  lead  lilanate  al  room 
lemiK'raUire  iC'nK.^,  radiation). 


In  order  to  gain  some  insight  into  the  effect  of 
lanthanum  substitution  on  the  intrinsic  shapes  and 
breadths  ((1)  of  the  diffraction  profiles,  a  split  Pearson 
analysis  of  the  3  00  rencction  was  conducted  at  a 

temperature  above  the  expected  Curie  point  at  I  —  7^ 

-I-  35  K.  The  results  of  the  analysis  arc  shown  in  Table 
1.  The  shapes  of  the  dilTraclion  profiles  for  all  speci¬ 
mens  were  found  to  be  nearly  symmetric  and  were 
predominantly  Lorentzian  in  shape.  For  the  samples 
with  lanthanum  concentrations  y  <  0.020,  no  signilic- 
anl  broiidcning  of  the  dilTraclion  profiles  relative  to 
the  profile  for  unmodified  lead  titanate  was  observed, 
and  the  full  width  al  half  maximum  was  approxim¬ 
ately  1.5  2  times  that  of  the  expected  resolution  of  the 
instrument.  For  y  >  0.020,  some  additional  broaden¬ 
ing  of  the  dilTraclion  profiles  became  apparent. 

The  room-temperature  FWHM  values  for  selected 
reflections  of  samples  with  diflercnt  lanthanum  con¬ 
centrations  arc  collected  in  Table  11.  Several  import¬ 
ant  trends  in  these  values  were  observed.  First,  for  all 
reflections  and  compositions  investigated,  a  significant 
increase  in  line  breadth  over  that  observed  for  un¬ 
modified  lead  titanate  was  evident.  For  each  reflec¬ 
tion,  the  composition  dependence  of  the  FWHM 
value  was  qualitatively  similar,  with  the  magnitude  of 
the  broadening  increasing  between  y  =  0  and  y  =  0.05 
but  then  decreasing  when  the  lanthanum  concentra¬ 
tion  was  further  increased  to  y  =  0.15.  The  broaden¬ 
ing  of  the  dilTraclion  profiles  was  most  pronounced  in 
the  peaks  that  had  high  /-component  indices,  such 
as  the  002,  0  1  2  or  222  reflections.  For  all  of  the 
lanthanum-substituted  materials,  the  ratio  P„oi/ 
P(.()o  ~  2.0  was  significantly  greater  than  the  corres¬ 
ponding  value  (  -  1.2)  observed  for  lead  titanate.  Al¬ 
though  this  result  implies  that  the  incorporation  of 
lanthanum  induces  a  structural  distortion  associated 
primarily  with  a  variance  in  the  c  lattice  parameter, 
the  significant  broadening  of  the  /lOO  reflections  sug¬ 
gests  that  some  variance  in  the  d  lattice  parameter  also 
occurred. 

Marked  changes  in  the  shape  of  the  diffraction 
profiles  relative  to  unmodified  lead  titanate  were  also 
observed.  Table  111  shows  that  the  diffraction  profiles 
for  the  lanthanum-modified  materials  exhibited  a  sig¬ 
nificantly  greater  degree  of  asymmetry  than  those  for 
the  pure  compound.  As  with  the  FWHM  value,  the 
degree  of  the  asymmetry  was  most  obvious  in  the 
peaks  having  high  /-component  indices.  This  can  be 
visually  ascertained  from  Fig.  3,  where  the  shapes  of 
the  002  and  200  profiles  for  lead  titanate  and  a 
lanthanum-modified  sample  are  compared.  In  this 
figure  the  crosses  represent  the  raw  data  points,  and 
the  solid  lines  represent  the  best  approximation  of  the 
profile  shape  obtained  by  the  split  Pearson  fitting.  The 
filled  curves  arc  plotted  less  background  in  order  that 
the  shapes  of  the  profiles  may  be  more  easily  appreci¬ 
ated.  The  horizontal  line  in  the  centre  of  each  figure 
represents  the  difference  curve  between  the  measured 
data  points  and  the  fitted  values.  The  quality  of  the  fits 
as  determined  by  the  reliability  index 

/I[/(obs)-  7(calc)]^Y'^ 

^  “  1,  I[/(obs)]'  ) 
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TABLE  i  Splil  Pearson  analysis  of  the  300  rcRcclion  of  Pb,  _  i',,La,  [TiJOj  al  7  +  35  K 


La  conlcm, 

y 

li'^ 

(deg  20) 

|1" 

(deg  20) 

|i 

(deg  20) 

ni' 

w" 

0 

0.081(2) 

0.09r)(2) 

0.089(2) 

0.7.5(3) 

0.90(4) 

0.005 

0.112(2) 

0.103(2) 

0.108(2) 

1.7(1) 

1.310.9) 

0.010 

0.098(2) 

0.091(2) 

0.095(2) 

1. 1(0.6) 

l.(K0.5l 

0.020 

0.132(4) 

0.121(4) 

0.127(4) 

1.1(07) 

1. 1(0.9) 

0.035 

0.155(5) 

0.13.3(5) 

0.144(5) 

0.90(6) 

0.«9(7) 

0.050 

0.208(9) 

0.208(9) 

0.208(9) 

0.73(6) 

0.92(9) 

The  numbers 

in  pareniheses  represeni  Ihe  standard  devialiuii  in  llic  least  signirieanl  digit. 

TABLE 

11  FWHM  for  vurious  rcncctions  of  Ph,  i.5yLa^.  L  •*!  room  tcMnpcralurc 

Redeelion  FWHM(deg.  20) 

hkl 

3^ 

o 

y  =  0.005 

y  =  0.010 

y  =  0.020 

y  =  0.035 

,(■  =  0.051) 

y  =  0.150 

001 

0.116(2) 

0.178(2) 

0.278(6) 

0.280(6) 

0272(6) 

0.299(7) 

0.219(8) 

100 

0.099(0.9) 

0.131(0.9) 

0.164(1) 

0.16.3(1) 

0.162(1) 

0174(2) 

0.1.5(H2) 

101 

0.092(0.3) 

0.1.30(0.5) 

O.I9(KI) 

0.202(1) 

0.19.50) 

0.214(1) 

0.16.3(0.8) 

1  to 

0.091(0.9) 

0.129(1) 

0.174(.3( 

0179(2) 

0178)2) 

0.1961.3) 

0175)2) 

1  1  1 

0.085(0.4) 

0.116(1) 

0.16.3(1) 

0183(1) 

017.3(1) 

0191(1) 

0.150(1) 

002 

0.105(1) 

0.252(7) 

0.486(13) 

0.492(17) 

0.478(14) 

0.4940  7) 

0..3420  2) 

200 

0.086(0.4) 

0.134(1) 

0.205(2) 

0.213(2) 

0.209(2) 

0’229(2) 

0.168(2) 

012 

0.099(1) 

0.226(4) 

0.425(10) 

0.465(11) 

0.41.5(1 1) 

0.4.5,503) 

0.34108) 

201 

0.084(1) 

0.134(3) 

0.200(6) 

022.3(6) 

0.224(7) 

02.541 1 1 ) 

O.I9(xl.3) 

210 

0.085(1) 

0.143(3) 

0.217(7) 

0.227(7) 

02.35(8) 

0.267(14) 

019205) 

222 

0.103(2) 

0.192(4) 

0.324(10) 

0.378(12) 

()..36X(  1 .3) 

0.40(>)I2) 

0.3200  0) 

The  numbers  in  parcnlhcscs  represent  the  standard  deviation  in  the  least  signilieant  digit. 


TABLE  III  Split  Pearson  analysis  for  various  reflections  of 
Pb,.,,5,La,[Ti]Oj  at  room  temperature 


Reflection 

hkl 

y=:0 

y  =  0.01 

P" 

P" 

P'- 

P" 

001 

0.145 

0.087 

0.209 

0.347 

100 

0.120 

0.078 

0.197 

0.129 

101 

0.109 

0.075 

0.154 

0.225 

1  10 

0.107 

0.074 

0.214 

0.132 

1  1  1 

0.094 

0.076 

0.155 

0.171 

002 

0.107 

0.102 

0.223 

0.748 

200 

0.099 

0.071 

0.261 

0.149 

012 

0.099 

0.100 

0.237 

0.612 

201 

0.084 

0.085 

0.202 

0.196 

210 

0.094 

0.076 

0.285 

0.149 

222 

0.093 

0.113 

0.267 

0.379 

The  standard  deviations  in  the  least  signiheant  digit  are  similar  to 
those  reported  in  Table  II. 


depended  to  some  extent  on  the  lanthanum  concentra¬ 
tion,  but  the  R  value  typically  increased  from  as  low  as 
f? 2:0.015  for  the  001  reflection  to  R 2:0.065  for  the 
222  peak. 

As  an  overall  indication  of  the  profile  asymmetry, 
the  composition  dependencies  of  the  ratio  for  the 

002  and  200  reflections  are  compared  in  Fig.  4.  As 
seen  in  the  figure,  the  behaviour  of  P**/P‘'  for  the  002 
reflection  is  the  mirror  image  of  that  for  the  200  peak, 
with  both  ratios  having  sharp  extrema  centred  near 
the  composition  y  =  0.01.  The  strong  coupled  asym¬ 
metry  for  these  reflections  combined  with  the  increase 


in  overall  peak  breadth  suggests  that  a  distortion 
associated  with  a  non-uniform  variance  in  the  crystal 
letragonality  {c/a)  existed  in  all  of  the  lunthanum- 
modified  compositions  investigated.  The  degree  of  the 
non-uniformity  decreased  sharply  between  v  =  0.01 
and  >>  =  0.05  but  did  not  change  significantly  on 
further  increasing  the  lanthanum  content  to  v  =  0.15. 

Lattice  parameters  for  the  samples  investigated  arc 
listed  in  Table  IV.  As  expected  from  previously  re¬ 
ported  data,  the  lattice  distortion  along  the  tetragonal 
c  axis  was  much  more  strongly  all'cctcd  by  the  incorp¬ 
oration  of  lanthanum  than  was  the  distortion  along 
the  a  axis.  The  crystal  tetragonality  c/ti  =  1.0649  de¬ 
termined  for  unmodified  lead  titanate  powder  com¬ 
pares  favourably  with  the  single-crystal  value  1.065.^ 
determined  using  the  Dcbeye-Scherrcr  camera 
method  [I  I].  It  is  interesting  to  note  that  the  standard 
errors  of  the  refinements  appeared  to  pass  through  a 
maximum  centred  near  the  composition  v  =  0.02.  This 
was  most  likely  a  result  of  the  marked  peak  asym¬ 
metry  near  this  composition,  which  made  the  assign¬ 
ment  of  the  peak  positions  somewhat  more  uncertain. 
Nevertheless,  the  standard  errors  for  all  specimens 
were  of  similar  magnitude  and  were  quite  small 
(10”.’  nm). 

The  values  of  a  and  c  listed  in  Table  IV  are  plotted 
in  Fig.  5.  As  previously  observed  for  mixed  oxide 
specimens  [18],  pronounced  deviations  from  Vegard's 
law  arc  apparent  for  both  the  u  and  c  lattice  para¬ 
meters.  Based  on  the  changes  in  dilTraction  profile 
symmetry  (Fig.  4),  and  on  the  fact  that  all  of  the 
specimens  were  prepared  according  to  the  A-sitc  va- 
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(b)  20  (deg) 

Figure  3  Split  Pearson  filling  of  the  002/200  reflections  of 
Pb, .  I  s,La,  [Ti]Oj  for  (a)  v  =  0  and  (b)  .v  =  0.01.  (Cu  radi¬ 
ation). 


cancy  formula,  it  is  proposed  that  this  deviation  results 
from  a  lattice  relaxation  mechanism  as  opposed  to  a 
change  in  the  vacancy  site  distribution  as  suggested 
earlier  [18], 

To  better  understand  the  nature  of  this  relaxation 
mechanism,  the  temperature  dependence  of  both 
spontaneous  and  lattice  strains  was  examined.  The 
spontaneous  strain  is  related  to  the  tetragonal  distor¬ 
tion  ((f/tt)  -  I )  and  so  may  be  determined  from  the 
lattice  constants.  The  results  for  specimens  with 
y  =  0.0-0.05  are  shown  in  Fig.  6.  The  relative  degree 
of  lattice  strain  as  a  function  of  composition  and 
temperature  was  qualitatively  assessed  from  a  meas¬ 
urement  of  the  FWH  M  of  the  222  reflection.  The  222 
reflection  is  not  split  by  the  tetragonal  symmetry,  and 
so  the  temperature  dependence  of  the  FWHM  can  be 
conveniently  compared  both  above  and  below  the 
transition  temperature.  Based  on  the  data  in  Table  II, 
this  reflection  also  showed  a  marked  broadening  re¬ 
lated  to  the  lanthanum  concentration. 

Representative  results  for  a  specimen  of  composi¬ 
tion  y  =  0.01  are  shown  in  Fig.  7a.  On  cooling  through 
the  transition  a  large  change  in  lattice  strain  occurred. 


Y 

Fi\iurv4  Peak  asymmetry  of  the  002/200  reflections  of 
Pb...  ,,La,LTiJ03. 


TABLP  IV  Lattice  parameters  of  Pb,  _ ,  5.,La,[Ti]Oj  at  room 
icmperature 


La  content, 

y 

II  (nm) 

f  (nm) 

da 

0 

0.3X997(0.5) 

0.41529(1) 

1.0649 

0.005 

0.39014(0.8) 

0.41444(2) 

1.0523 

0.010 

0.39032(2) 

0.41367(5) 

1.0598 

0.020 

0.3905.5(3) 

0.41156(6) 

1.0538 

0.0.15 

0.39082(2) 

0.40961(4) 

1.0481 

0.050 

0.39098(2) 

0.40734(4) 

1.0418 

0.1.50 

0.39165(2) 

0.39867(3) 

1.0179 

The  numbers  in  parentheses  represent  the  standard  errors  obtained 
from  least-squares  relincment. 


Ftnitre  5  LiUUcc  parameters  of  Pb,  .  ,  5,.La,,  [TiJOj  at  room 
temperature. 


as  indicated  by  the  abrupt  discontinuity  in  the 
FWHM  value  near  T^.  Despite  this,  as  shown  in 
Fig.  7b,  no  unusual  or  anomalous  behaviour  could  be 
detected  in  the  temperature  dependence  of  the  lattice 
constants  near  the  transition.  It  should  be  recalled, 
however,  that  in  the  vicinity  of  a  first-order  transition. 
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Figure  6  Tcmpcralure  dependence  of  the  tetragonal  distortion 
{c/a)-  1  for  Pb,.,,5,La,  [TijOj, 


(b|  Temperature  (K| 


Figure  7  Temperature  dependence  of  the  FWH  M  of  the  2  2  2  reflcc- 
lion  of  Pb, .  1.5, La,  [TiJO,  (p  =  0.01)  (a).  The  associated  variation 
in  the  lattice  parameters  (b). 


some  discontinuity  in  peak  breadth  is  expected  due  to 
the  overlap  of  tetragonal  and  cubic  reflections 
occurring  in  the  coexistence  region  of  the  two  phases. 
The  data  for  such  profiles  are  not  shown  in  the  figure 
and  were  readily  identified  because  considerably 
poorer  fitting,  as  indicated  by  a  sharp  increase  in  the 
reliability  index,  was  observed  when  peaks  from  both 
phases  were  present. 


Figure  H  Inlluciicc  of  tetragonal  distortion  li  ,  ul  -  I  on  the  IWIIM 
of  the  222  reflection  for  Pb, . ,  5,La,  fTiJO 


The  tcmpcralure  dependence  of  the  line  breadlh 
data  in  Fig.  7  suggested  that  the  increased  FVVHM 
values  relative  to  the  pure  specimen  as  observed  at 
room  temperature  were  directly  related  to  the  degree 
of  tclragonal  distortion.  As  shown  in  Fig.  b.  the 
tetragonal  distortion  ((t/u)  —  1 )  when  plotted  against 
the  FWHM  for  the  22  2  rellcction  did  in  fact  yield  a 
family  of  approximately  straight  lines  with  slopes  and 
intercepts  dependent  on  the  lanthanum  concentration. 
The  large  change  in  slope  occurring  between  y  =  0 
and  y  =  0.01  is  indicative  of  the  strong  initial  relaxa¬ 
tion  of  the  lattice  due  to  the  clfects  of  the  dopant.  The 
observed  c/a  dependence  of  the  peak  breadth  com¬ 
bined  with  the  marked  profile  asymmetry  in  the 
002/200  reflections  suggests  that  the  primary  contri¬ 
bution  to  the  broadening  as  ob.scrved  in  the  dilfraction 
data  at  room  temperature  results  from  the  relaxtilion 
of  the  uniform  tetragonal  distortion  due  to  the  incorp¬ 
oration  of  the  lanthanum. 

In  fact,  recent  in  silii  transmission  electron  micro¬ 
scopy  studies  [30]  of  lanthanum-substituted  lead 
titanatc  ceramics  have  revealed  the  prc.sencc  of  sub¬ 
domain  modulations  oriented  primarily  along  the  tet¬ 
ragonal  c  axis,  which  is  mechanically  the  softest  [19]. 
The  modulated  textures  occurred  on  a  scale  of 
~  10  nm  within  wcll-delincd  ferroelectric  domains,  in 
which  there  must  exist  an  average,  but  spatially  vary¬ 
ing,  polarization  P.  Such  microstructurcs  arc  not  uni¬ 
que  to  ferroelectrics,  and  are  commonly  observed  in 
fcrroclastic  minerals  and  materials  formed  via  kinetic 
processes,  that  is,  under  conditions  where  calion- 
ordcring  reactions  have  occurred  incompletely  or  in- 
homogencously  or  in  crystals  that  arc  otherwise  not  at 
equilibrium  [31].  As  seen  in  Fig.  9,  these  modulations 
first  became  obvious  at  a  lanthanum  concentration  of 
y~0.05  and  developed  into  a  cross-hatched  or 
“tweed”  texture  on  reaching  y:i:0.25.  These  textures 
were  found  to  disappear  on  heating  above  the  trans¬ 
ition  temperature,  and  so  could  not  be  associated  with 
exsolution  lamellae.  As  can  be  appreciated  from  the 
data  in  Table  II  and  Fig.  4,  the  appearance  and  extent 
of  the  sub-domain  texture  correlates  well  with  the 


30 


Finiirc  V  Transmission  electron  micro(!raplis  showing  the  modulated  ferroelectric  domain  structure  as  observed  for  Pb,  _ ,  j^La,,  [Ti]Oj.  (a) 
r  =  0.1)1,  (b|  y  =  0.05,  (c)  i  =  0.10,  (dl  \  =  0.25  (after  Randall  el  al.  [30]l. 


changes  in  prolilc  brcadlli  ttnd  symmetry  found  in  the  iliough  all  of  the  specimens  were  close  to  a  Curie 
dilTraction  experiments.  crttical  transition.  At  a  Curie  critical  instability,  the 

It  should  be  noted  that  the  data  presented  here  arc  order  of  the  transition  changes,  and  the  temperature 

consistent  neither  with  particle  size  elTccts  nor  with  the  dependence  of  the  order  parameter  (i.e.  the  spontan- 

c.xistcncc  of  macroscopic  inhomogencities  in  the  cous  polarization)  is  given  by 

chemical  composition.  Observations  arguing  against  -/  [(c/ri)  —  1]''^  rr.iT^—T)''*  (4) 

the  influence  of  these  two  cITects  are  (i)  the  temperature 

dependence  of  the  profile  broadening  below  the  Curie  Consequently,  plots  of  [(c/tt)  -  1]^  versus  T  should 

point;  (ii|  the  inherent  homogeneity  achievable  with  give  a  good  indication  of  any  changes  in  the  nature 

the  sol -gel  process;  (iii)  the  pronounced  asymmetry  of  of  the  phase  transition  as  the  lanthanum  content 

the  dilTraction  profiles  for  all  of  the  hkl  rcllcctions  is  increased.  The  results  of  this  analysis  are  shown  in 

investigated  (composition  fluctuations  should  give  a  Fig.  10a,  where  it  is  seen  that  Equation  4  holds  appro- 

random  distribution  in  c  ii):  and  (iv)  that  the  profile  xiniately  for  all  of  the  specimens  investigated.  How- 

breadth  decreased  when  the  dopant  level  was  in-  ever,  as  shown  in  Fig  10b,  the  absolute  values  of  the 

creased  above  ~  5  at%.  slopes  of  the  lines  so  obtained  decreased  with  increas¬ 

ing  dopant  concentration,  with  the  rate  of  decrease  in 
slope  with  composition  changing  to  a  smaller  value  for 
3.2.  Phase  transition  behaviour  samples  with  y  ^  0.02.  This  decrease  in  slope  reflects 

In  investigating  the  influence  of  these  structural  the  more  continuous  nature  of  the  transition, 

changes  on  the  phase  transition  behaviour,  it  proved  Additional  insight  into  the  meaning  of  this  observa- 
informative  to  analyse  the  scalar  strain  data  (Fig.  6)  as  tion  was  gained  from  the  calorimetry  data.  Normalized 


31 


(a)  Temperature  (K| 


0.00  0.02  0.04 

(b)  y 

Figure /O  Plots  of  versus  T  for  Pb,.,  ,,. 

(a).  The  composition  dependence  of  the  slope  m  of  the 

curves  (b). 


power  versus  temperature  curves  for  the  various  speci¬ 
mens  investigated  arc  shown  in  Fig.  11a.  The  trans¬ 
ition  enthalpies  obtained  by  the  direct  integration  of 
these  curves  are  shown  in  Fig.  12.  It  was  found  that  the 
transition  enthalpy  dropped  substantially  between 
y  =  0.00  and  y  =  0.01,  but  after  the  initial  drop  did  not 
change  significantly  with  subsequent  increases  in  lan¬ 
thanum  concentration.  Despite  the  rather  dramatic 
changes  in  the  nature  of  the  phase  transition,  the  shift 
in  transition  temperature  with  composition  was  nearly 
linear,  with  a  slope  ATJAy  =  —  20.9  K  per  at%  La. 
This  value  is  in  good  agreement  with  the  value  of 
—  19.9  K  per  al%  obtained  from  dielectric  measure¬ 
ments  made  on  dense  ceramic  specimens  over  a  much 
wider  range  of  composition  extending  from  y  =  0.04  to 
y  =  0.30  [22]. 

Corresponding  to  the  initial  drop  in  the  transition 
enthalpy,  a  small  anomaly  in  the  DSC  curves  was 
detected.  As  shown  in  Fig.  1 1  b,  even  at  scan  rates  as 
low  as  1  K  min  " '  this  anomaly  was  not  resolved  into 
separate  enthalpic  events.  The  anomaly  was  observed 
both  on  heating  and  cooling,  and  showed  a  repro¬ 
ducible  thermal  hysteresis  that  occurred  after  repeated 
cycling  through  the  transition.  This  behaviour  was 
detected  in  both  the  Perkin  Elmer  and  Setaram 
calorimeters,  and  so  was  not  an  artefact  of  the  meas¬ 
urement  technique.  Furthermore,  it  was  evident  only 
in  the  samples  with  y  =  0.005  and  0.01,  and  could  not 
be  detected  for  unmodified  lead  titanate  or  for  samples 


Figure  II  DSC  curves  for  I’b, .  i.s,La,  [TiJOj  obliiincd  in  heating 
runs  at  5  K  min ' '  (a).  1  he  anomalous  behaviour  observed  for  the 
specimen  with  .i'  =  0.UI  as  obtained  at  a  slower  healing  rule  of 
I  K  min"'  (b). 


Y 

Figure  12  Eslimuled  transition  temperatures  and  enthalpies  of 
Pb,-,,,,La,LTiJO,. 


with  lanthanum  contents  higher  than  _v  =  0.01.  Based 
on  the  diffraction  profile  data  presented  in  Figs  4  and 
8,  it  is  proposed  that  this  anomalous  behaviour  reflects 
the  breakdown  of  conventional  first-order  ferroelectric 
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pliiise  Ininsilion  bcluiviour  as  the  lattice  relaxes  to  the 
defects  and  long-range  order  is  disrupted. 

Specimens  with  higher  lanthanum  concentrations 
did  not  exhibit  the  anomalous  transition  behaviour, 
but  instead  exhibited  broadened  DSC  peaks  indicative 
of  a  smeared  phase  transition.  Con.sequently,  for  speci¬ 
mens  with  0.02  ^  f  $  0.05,  the  apparent  changes  in 
the  nature  of  the  transition  as  revealed  in  the  diffrac¬ 
tion  data  of  F-ig.  10  can  be  associated  with  the  change¬ 
over  from  conventional  to  diffuse  transition  behavi¬ 
our.  For  the  specimen  with  y  =  0.05,  the  transition 
was  very  diffuse  and  took  place  over  a  temperature 
interval  that  was  estimated  to  be  as  much  as  150  K. 
Indeed,  as  shown  in  Fig.  15,  local  distortions  of  the 
structure  connected  with  the  smearing  of  the  trans¬ 
ition  could  be  detected  as  a  temperature-dependent  X- 
ray  profile  broadening  that  continued  above  the  ex¬ 
pected  transition  temperature.  Fig.  14  shows  that  as 
a  result  of  this  smearing,  the  signature  of  the  lirst- 
order  discontinuity  of  the  transition  was  obscured, 
and  the  transition  appeared  to  take  place  in  a  continu¬ 
ous  manner.  Similar  behaviour  htis  tilso  been  observed 
in  synchrotron  studies  of  lightly  doped  barium  litun- 
ate  [32]. 


4.  Discussion 

For  specimens  prepared  according  to  the  A-sile  va¬ 
cancy  formula,  the  introduction  of  lanthanum  to  lead 
titanate  produces  one  lead  vacancy  for  every  two  La 
(III)  ions.  These  defects  locally  break  the  translational 
periodicity  of  the  lattice  and  produce  elastic  and 
electric  fields  that  fall  olf  slowly  as  a  function  of 
distance  from  the  defect  cores  [33],  The  role  of  these 
defects  may  be  mediated  during  the  phase  transition 
by  direct  coupling  to  the  primary  order  parameter 
(spontaneous  polarization),  and/or  by  indirect  coup¬ 
ling  through  the  elastic  strain.  Because  of  the  large 
tetragonal  distortion  of  lead  titanate,  it  seems  likely 
that  the  latter  interaction  is  the  dominant  one.  Phe¬ 
nomena  due  to  strain  coupling  through  defects  has 


Figure  13  Temperature  dependence  of  the  FWHM  of(«)222  and 
(O)  .100  reflcetion.s  of  Pb, .  ,  „.La,  [TiJOj  (v  =  0.05). 


20  Ideg) 

/./  Temperature  dependence  of  00  1/100  reOections  of 
*  bi  -  i.syLa,  [Ti]Oj  {y  =  0.05).  (Cu  radiation). 


been  identified  as  important  in  a  wide  variety  of 
structural  phase  transitions  [34]. 

When  small  amounts  (y  $  0.01)  of  lanthanum  are 
first  introduced  into  the  lattice,  the  defects  are  widely 
separated.  The  degree  of  interaction  between  the  de¬ 
fects  will  be  primarily  determined  by  the  strength  of 
the  defect  fields,  by  the  characteristic  range  of  inter¬ 
action,  and  by  the  temperature  relative  to  [35,  36]. 
The  fact  that  no  “plateau”  effect  (a  range  of  composi¬ 
tion  over  which  the  transition  temperature  does  not 
renormalize)  was  observed  for  lanthanum  concentra¬ 
tions  as  low  as  0.5  at%  indicates  that  the  defects 
interact  strongly  with  the  lattice  [35]. 

For  the.se  specimens,  a  strong  asymmetry  and  tem¬ 
perature-dependent  broadening  was  observed  in  the 
X-ray  diffraction  profiles.  The  associated  changes  in 
the  clastic  properties  of  the  lattice  appeared  to  be 
connected  with  the  sharp  decrease  in  the  transition 
enthalpy.  These  observations  arc  consistent  with  an 
analysis  [37]  of  the  Devonshire  energy  function  [10] 
for  lead  titanate  [8],  which  predicts  a  strong  decrease 
in  the  first-order  character  of  the  transition  resulting 
from  even  subtle  changes  in  elastic  or  electrostructure 
behaviour.  The  initial  loss  in  the  first-order  character 
of  the  transition  observed  in  the  calorimetry  data  has 
also  been  reported  for  lanthanum-doped  single-crystal 
specimens  [21],  as  well  as  for  lead  titanate  specimens 
into  which  lattice  defects  have  been  deliberately  intro¬ 
duced  by  processing  [15,  16]. 

At  higher  dopant  levels  (y  >  0.02),  a  clear  change  in 
the  mode  by  which  the  lanthanum  or  vacancies  were 
accommodated  was  observed.  This  behaviour  was 
signalled  by  the  abrupt  increase  in  the  symmetry  of  the 
diffraction  profiles  (Fig.  4)  and  by  the  onset  of  the 
departure  of  the  lattice  parameters  from  Vegard’s  law 
(Fig.  5).  Transmission  electron  microscopy  confirmed 
that  the  lattice  relaxation  mechanism  involved  a  non- 
uniform  distribution  of  the  crystal  tetragonality  that 
manifested  itself  in  a  progressive  complication  of  the 
ferroelectric  domain  structure.  As  the  extent  of  the 
sub-domain  texture  increased,  the  character  of  the 
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transition  became  more  dilTusc.  Indeed,  the  changes  in 
domain  texture  as  seen  in  Fig.  9  have  been  recently 
shown  [38]  to  correlate  well  with  the  degree  of  devi¬ 
ation  of  the  dielectric  response  from  the  expected 
Curie- Weiss  behaviour  [22].  Similar  microstructures 
are  also  observed  in  lanthanum-substituted  lead 
zirconate-titanate  compositions  having  diffuse  trans¬ 
itions  [39].  The  implications  of  these  modulated  do¬ 
main  structures  with  respect  to  the  crystal  symmetry 
and  phase  transition  behaviour  have  been  recently 
discussed  in  more  detail. 


5.  Summary 

The  phase  transition  behaviour  and  structural  charac¬ 
teristics  of  lanthanum-substituted  lead  titanatc  fer- 
roelectrics  were  investigated  by  high-temperature 
X-ray  diffraction  and  differential  scanning  calorime¬ 
try.  Interconnections  between  the  phase  transition 
behaviour,  the  ferroelectric  domain  structure  and  the 
dielectric  properties  were  identified.  The  results  dem¬ 
onstrated  the  important  influence  of  elastic  strain 
coupling  through  lanthanum/vacancy-induced  defect 
fields  on  the  first-order  character  of  the  transition.  The 
initial  relaxation  of  the  lattice  to  these  fields  mani¬ 
fested  itself  in  a  substantial  decrease  in  the  signature 
first-order  discontinuity  of  the  phase  transition.  Asso¬ 
ciated  with  this  relaxation  process  was  the  develop¬ 
ment  of  a  modulated  ferroelectric  domain  structure, 
the  appearance  of  which  correlated  well  with  the  onset 
of  the  diffuse  phase  transition  behaviour.  It  was  sug¬ 
gested  that  further  degeneration  of  the  domain  struc¬ 
ture  into  tweed  textures  is  responsible  for  the  anomal¬ 
ous  dielectric  response  near  the  phase  transition. 
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APPENDIX  10 


structure  of  the  defect  perovskite  [Pbo.ssLao.iolTIOg  between  10  and  1023  K 
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The  structure  of  the  defect  perovskite  [Pbo.ssno.os^VioI^Os  was  investigated  by  powder  neutron 
and  x-ray  diffraction  and  by  specific  heat  measurements  made  at  various  temperatures.  Refinement 
of  the  structure  by  the  Rietveld  technique  at  10,  200,  and  300  K  from  time-of-flight  powder  neutron 
diffraction  data  revealed  no  low  temperature  transitions  from  the  ferroelectric  tetragonal  (4mm) 
phase.  On  average,  the  oxygen  octahedral  framework  of  the  parent  compound  was  not  distorted  by 
the  incorporation  of  lanthanum  and  vacancies,  and  the  ratio  of  cation  displacements  along  the  polar 
axis  was  comparable  to  that  observed  for  pure  PbTiOj.  However,  the  material  showed  a  large 
nonuniform  strain  that  increased  with  decreasing  temperature.  As  a  result,  the  effective  coupling 
between  the  uniform  tetragonal  deformation  and  cation  displacement  was  reduced.  X-ray  diffraction 
and  specific  heat  measurements  at  298-1023  K  indicated  that  the  ferroelectric  m3m-»4mm 
transition  was  nearly  tricritical  and  took  place  at  565  K.  The  diffuse  nature  of  the  transition  was 
reflected  in  a  temperature-dependent  x-ray  profile  broadening  and  anomalous  excess  specific  heat 
that  persisted  to  '»775  K,  close  to  the  phase  transition  temperature  of  pure  lead  titanate.  ©  1995 
American  Institute  of  Physics. 


I.  INTRODUCTION 


One  of  the  most  studied  aspects  of  ferroelectric  phase 
transitions  concerns  the  extreme  broadening  of  the  transition 
anomalies  observed  in  complex  compounds  or  solid  solu¬ 
tions  in  which  foreign  ions  occupy  crystallographically 
equivalent  lattice  sites.  The  break  in  translational  invariance 
caused  by  the  foreign  ions/lattice  imperfections  leads  to  the 
observation  of  “diffuse”  phase  transition  (DPT)'  behavior 
that  is  characterized  by  a  pronounced  smearing  of  such  prop¬ 
erties  as  the  spontaneous  polarization,  the  specific  heat 
anomaly,  the  refractive  index,  etc.,  that  would  normally  ex¬ 
hibit  abrupt  changes  at  a  ferroelectric  instability.^ 

The  perovskite-structured  solid  solution  in  the  system 
Pb0-La203-Ti02  provides  an  interesting  example  of  a  com¬ 
positional  series  for  which  a  changeover  from  conventional 
to  diffuse  ferroelectric  phase  transition  behavior  is  observed. 
The  end  member  PbTi03  is  representative  of  a  large  family 
of  oxygen  octahedra  ferroelectrics  that  undergo  a  discontinu¬ 
ous  phase  change  from  a  centrosymmetric  cubic  (m3m)  pro¬ 
totype  to  a  tetragonal  (4mm)  ferroelectric  phase.  The  aliova- 
lent  substitution  of  La(III)  for  Pb(II)  reduces  the 
characteristic  first-order  discontinuity  of  the  transition^  and 
induces  DPT  behavior.^ 

The  perovskites  in  this  system  may  be  envisioned  as 
lying  within  a  triangle  formed  by  PbTi03  and  the  two  meta¬ 
stable  defect  compounds  [La2/3l^i/3]Ti03  and 
La[Ti  3/4n|/4]03.  These  compositions  have  been  described^’’ 
by  the  general  defect  equation 
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where  □  is  a  site  vacancy  and  a  is  the  Pb  elimination  factor. 
In  principle,  a  may  adopt  values  ranging  from  1.5  (A-site 
vacancies  only)  to  0.75  (B-site  vacancies  only).  However, 
although  it  is  generally  agreed  that  lanthanum  resides  exclu¬ 
sively  on  the  A  site  of  the  perovskite  structure,  controversy 
exists  regarding  the  ability  of  the  structure  to  incorporate 
octahedral  vacancies.®’’  Nevertheless,  for  compositions  with 
y<0.3,  it  is  found  experimentally  that  for  each  value  of  y 
there  exists  a  range  0.9<a<1.5  for  which  the  single-phase 
perovskite  remains  stable  with  respect  to  the  pyrochlore 
La2Ti207 

For  the  perovskite-structured  compositions  with  rela¬ 
tively  low  lanthanum  concentrations  (y<0.05),  dielectric 
measurements^  have  shown  that  the  anomalies  associated 
with  the  transition  to  the  ferroelectric  phase  are  sharp  and 
qualitatively  consistent  with  what  is  expected  at  a  conven¬ 
tional  first-order  ferroelectric  phase  change.  As  the  lantha¬ 
num  content  is  increased  in  the  range  of  0.05  <y  <0.10, 
broadened  transition  anomalies  and  pronounced  departures 
from  Curie-Weiss  behavior  become  evident.  At  still  higher 
dopant  levels  (y>0.20),  the  character  of  the  transition  be¬ 
comes  markedly  diffuse,  but  shows  only  weak  frequency  dis¬ 
persion. 

Although  the  dielectric  properties  of  these  materials 
have  been  studied  in  some  detail,‘'’^'®’"'~'^  their  structural 
characteristics  have  not  been  thoroughly  investigated.  Re¬ 
cently,  x-ray  diffraction  and  transmission  electron  micros¬ 
copy  measurements performed  on  a  series  of  compositions 
(y  =0-0. 15)  were  used  to  investigate  the  structural  changes 
associated  with  the  breakdown  of  conventional  ferroelectric 
phase  transition  behavior.  The  present  contribution  provides 
additional  information  regarding  the  structure  and  phase 
transition  behavior  of  an  intermediate  A-site  vacancy  com¬ 
position,  [Pbo,85Do.05l"ao.io]Ti03.  The  structure  has  been  re- 
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fined  from  high  resolution  time-of-flight  powder  neutron  dif¬ 
fraction  data  at  10,  200,  and  300  K.  In  addition,  the 
m3m-^4mm  transition  has  been  investigated  using  specific 
heat  and  x-ray  diffraction  measurements  in  the  temperature 
range  298-1023  K.  The  results  are  discussed  in  relation  to 
the  first-order  character  and  diffuse  nature  of  the  transition. 

11.  EXPERIMENT 

A.  Powder  neutron  diffraction 

A  powder  specimen  of  lanthanum-substituted  lead  titan- 
ate  was  prepared  according  to  the  A-site  vacancy  formula 
([Pb,_,  5^.LajTi03)  using  the  conventional  solid-state  reac¬ 
tion  method.  Stoichiometric  amounts  of  >99.99%  PbO, 
La203,  and  Ti02  required  to  make  a  composition  with 
y  =0.10  were  batched  by  weight  accounting  for  the  observed 
weight  loss  on  ignition.  The  starting  reagents  were  homog¬ 
enized  by  ball  milling  for  24  h  in  isopropanol  using  high 
purity,  high  strength  zirconia  milling  media.  The  powder  was 
then  dried  at  353  K,  precalcined  in  a  closed  alumina  crucible 
at  1073  K  (4  h),  ground  with  a  mortar  and  pestle,  and  cal¬ 
cined  again  at  a  higher  temperature  of  1323  K  (8  h).  The 
resulting  powder  was  light  yellow  in  color  and  the  phase 
purity  was  verified  by  x-ray  diffraction. 

Powder  diffraction  data  were  collected  using  the  high 
resolution  time-of-flight  neutron  powder  diffractometer 
(NPD)  at  the  Los  Alamos  Neutron  Scattering  Center  (LAN- 
SCE).  The  sample  position  on  the  NPD  was  32  m  from  the 
source  and  standard  collimation  in  the  beam  line  produced  a 
5.0  by  1.0  cm  beam  at  this  location.  Sufficient  material  («10 
g)  to  completely  fill  a  5  cm^  vanadium  specimen  canister  at 
tap  density  was  sealed  in  place  under  helium.  The  canister 
was  mounted  in  a  closed-cycle  refrigerator  contained  within 
a  stainless  steel  experiment  chamber  that  was  lowered  into 
the  beam  line  of  the  diffractometer.  Data  were  collected  at 
10,  200,  and  300  K  and  the  collection  time  at  each  tempera¬ 
ture  was  approximately  4  h.  The  data  summed  from  two  right 
angle  detector  banks  (20=  ±90°)  and  two  backscattering 
banks  (20=  ±148°)  were  used  in  the  refinements. 

B.  High-temperature  x-ray  powder  diffraction 

X-ray  powder  diffraction  patterns  of  the  sample  were 
recorded  in  the  range  of  300—1023  K  using  a  Scintag  0—0 
powder  diffractometer  equipped  with  an  Anton  Paar  hot 
stage.  Prior  to  the  measurements,  the  stage  was  aligned  at 
room  temperature  relative  to  a  LaBg  reference  material 
(Standard  Reference  Material  No.  760).  The  hot  stage  em¬ 
ployed  a  platinum  heating  strip  onto  which  the  specimen  was 
uniformly  deposited  from  an  ethanol  suspension.  A  type-S 
thermocouple  welded  to  the  underside  of  the  heating  strip 
provided  the  temperature  measurement.  Diffraction  data  in 
the  scan  range  of  20  (Cu  Ka)=20°—10°  were  collected  in  air 
as  continuous  scans  using  a  scan  rate  of  2°/min.  The  posi¬ 
tions  of  the  Bragg  reflections  appearing  in  this  range  were 
assigned  using  a  peak  locating  algorithm  based  on  a  second 
derivative  test.  Lattice  parameters  were  determined  from  the 
peak  positions  using  a  standard  least-squares  refinement  rou¬ 
tine.  In  addition,  x-ray  line  broadening  measurements  were 
performed.  The  full  widths  at  half-maximum  (FWHM)  for 


selected  hkl  reflections  were  determined  by  fitting  the  dif¬ 
fraction  profiles  to  a  constrained  pseudo- Voigt  profile  func¬ 
tion.  These  data  were  used  to  qualitatively  assess  the  tem¬ 
perature  dependence  of  the  diffraction  profile  broadening. 

C.  Specific  heat  measurements 

Heat  capacity  measurements  were  made  using  a  Setaram 
TG-DSC  111  scanning  calorimeter  (DSC)  operated  in  the 
horizontal  configuration.  The  Setaram  DSC  is  a  microcalo¬ 
rimeter  of  the  twin  Calvet  design.  The  temperature  calibra¬ 
tion  of  the  instrument  was  determined  by  measuring  the 
melting  points  of  high  purity  In,  Pb,  Zn,  and  A1  (Johnson 
Matthey,  >99.999%)  using  graphite-lined  stainless  steel  cru¬ 
cibles  that  eliminated  molten  metal-crucible  interactions.  The 
calorimeter  calibration  was  performed  by  measuring  the  spe¬ 
cific  heat  of  a  high  purity  a-alumina  powder  sample 
(Johnson  Matthey,  >99.99%)  that  was  calcined  at  1773  K 
prior  to  the  experiments  to  ensure  phase  purity.  The  sensitiv¬ 
ity  polynomial  for  the  calorimeter  was  then  determined  as 
the  ratio  of  these  data  to  the  reference  data'^  for  a  synthetic 
sapphire  sample  (Standard  Reference  Material  No.  720). 

The  alumina  calibration  (108.17  mg)  and  sample  (108.83 
mg)  materials  were  sealed  in  pressure  tight  stainless  steel 
crucibles.  The  specific  heat  measurements  were  made  in 
heating  runs  over  the  range  of  298-973  K  using  a  scan  rate 
of  10  K/min.  The  data  were  collected  at  intervals  correspond¬ 
ing  to  3  points/K.  In  order  to  inhibit  oxidation  of  the  cru¬ 
cibles  and  to  provide  a  uniform  heat  transfer  environment, 
the  measurements  were  made  under  a  constant  flow  (nomi¬ 
nally  28  ml/min)  of  dry  argon.  The  heat  capacity  of  the 
sample  was  determined  by  subtracting  the  average  of  three 
such  scans  for  the  empty  crucible  from  the  average  of  three 
scans  for  the  crucible  plus  sample. 

III.  STRUCTURE  REFINEMENT 

The  refinement  of  the  structure  was  carried  out  using  a 
Rietveld  profile  least-squares  program  adapted  for  time-of- 
flight  data  that  was  contained  within  the  General  Structure 
Analysis  System  (GSAS)  package.'^  The  unit  cell  was  de¬ 
fined  by  fixing  the  0(11)  atom  at  the  (0,1/2, 1/2)  position. 
From  this  point  of  reference,  the  (Pb,La),  Ti,  and  0(1)  atoms 
in  the  ferroelectric  tetragonal  Amm  form  of  the  perovskite 
structure  are  displaced  by  an  amount  &  along  the  c  axis 
from  the  (0,0,0),  (l/2,l/2,l/2),  and  (l/2,l/2,0)  positions,  re¬ 
spectively.  Consequently,  the  structural  parameters  to  be  re¬ 
fined  were  the  tetragonal  lattice  constants  a  and  c,  the  three 
atom  displacements  &Ti,  &:(pb.La)'  &o(i)’  tempera¬ 

ture  factors.  Both  isotropic  (t/)  and  anisotropic  (m,;)  tem¬ 
perature  factors  were  refined.  In  each  case,  the  refinement 
was  initiated  by  setting  the  &  values  equal  to  zero,  except 
for  &Ti,  which  was  given  a  small  positive  value  to  define  the 
positive  direction  of  the  c  axis. 

The  crystal  structure  parameters  were  refined  along  with 
a  scale  factor,  a  zero  point  correction,  and  six  profile  coeffi¬ 
cients  for  each  of  the  histograms  generated  by  the  four  de¬ 
tector  banks.  The  background  function  for  each  histogram 
was  represented  by  a  Fourier  cosine  series  having  six  refined 
coefficients.  Because  this  material  exhibited  an  appreciable 
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TABLE  I.  Refined  stnictura!  parameters  of  [Pbo  g5no.o5Lay  loJTiOv 
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FIG.  1.  Time-of-flight  powder  neutron  diffraction  patterns  of  the  defect 
perovskite  [Pbo.j5ao.o3Lao.io]Ti03  collected  at  10,  200,  and  300  K. 


degree  of  predominantly  Lorentzian  profile  broadening  (see 
the  discussion  below),  the  most  appropriate  profile  function 
of  those  installed  in  GSAS  consisted  of  a  convolution  of  a 
pseudo- Voigt  function  with  a  pair  of  back-to-back  exponen¬ 
tials.  In  applying  this  function,  an  anisotropic  broadening 
axis  was  defined  along  the  [001]  direction.  Using  the  refined 
profile  coefficients,  the  anisotropic  strain  components  paral¬ 
lel  (Sp)  and  normal  {S^)  to  this  axis  were  computed.  Further 
details  regarding  the  mathematical  basis  for  the  profile  and 
background  functions  used  can  be  found  in  the  GSAS 
documentation'*  and  in  the  references  given  there. 

IV.  RESULTS  AND  DISCUSSION 

The  observed,  calculated,  and  difference  neutron  powder 
diffraction  patterns  as  obtained  from  the  20= -1-90°  detector 
bank  of  the  NPD  are  shown  in  Fig.  1.  In  Fig.  1,  the  observed 
data  at  each  temperature  are  denoted  by  the  crosses,  and  the 
corresponding  calculated  profiles  are  represented  by  the  con¬ 
tinuous  lines.  The  tick  marks  below  each  histogram  give  the 
positions  of  all  possible  Bragg  reflections.  The  difference 
between  the  calculated  and  observed  data  is  plotted  below 
the  tick  marks. 

In  spite  of  some  difficulty  in  adequately  modeling  the 
broadened  diffraction  profiles,  it  is  seen  that,  except  at  the 
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very  lowest  neutron  energies,  good  agreement  exists  between 
the  calculated  and  observed  diffraction  profiles.  At  the  lowest 
temperature  investigated  (10  K),  the  data  indicated  that  the 
sample  retained  its  tetragonal  symmetry.  Observed  Fourier 
maps  generated  from  the  histograms  in  Fig.  1  failed  to  reveal 
any  additional  information  not  contained  in  the  original 
structural  model.  Consequently,  although  the  substitution  of 
lanthanum  is  effective  at  displacing  the  Curie  temperature 
and  in  smearing  the  phase  transition,"*  '^  it  apparently  does 
not  lead  to  any  additional  low  temperature  lattice  instabili¬ 
ties. 

The  structural  parameters  refined  at  each  temperature  are 
summarized  in  Table  I.  As  shown  in  Fig.  2,  the  values  ob¬ 
tained  for  the  isotropic  temperature  factors  for  all  atoms  were 
of  the  appropriate  magnitude,  and  all  exhibited  a  continuous 
decrease  with  decreasing  temperature  as  expected.  The  re- 
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FIG.  2.  Isotropic  temperature  factors  for  [Pbo.jsOo.osLtk)  lolTiO, . 
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TABLE  11.  Summary  of  bond  distances  (A)  for  [Pbog^Doo^La,,  mlTiOi. 


finement  of  anisotropic  temperature  factors  was  performed 
primarily  to  better  determine  the  atomic  positional  param¬ 
eters,  although  this  did  not  appreciably  influence  the  values 
of  the  R  factors.  Somewhat  larger  anisotropies  for  the  Ti 
(M33>ttii)  and  0(11)  («33>“n>«22)  atoms  were  observed 
relative  to  the  (Pb,La)  and  0(1)  atoms.  Similar  results  have 
been  obtained  in  single  crystal  neutron  studies  of  the  struc¬ 
ture  of  unmodified  lead  titanate.*^  It  appears,  therefore,  that 
any  static  disorder  of  the  structure  arising  from  the 
lanthanum/vacancies  was  not  strongly  reflected  in  the  refined 
temperature  factors. 

Using  the  lattice  parameter  and  atomic  position  data  in 
Table  I,  the  various  bond  distances  depicted  in  Fig.  3  were 
computed.  These  are  reported  in  Table  II.  Given  the  rela¬ 
tively  large  defect  concentration  in  the  sample  and  the  wide 
range  of  temperature  investigated,  the  average  0(1) — 0(1), 
0(I)_0(II),  and  0(11)— 0(11)  bond  lengths  were  remarkably 
constant.  As  with  unmodified  lead  titanate,'®  this  result  im¬ 
plies  that  the  oxygen  octahedral  framework  is  very  rigid.  The 
ratio  of  the  cation  shifts  on  the  (Pb,La)  and  Ti  sites 
&(Pb,La/&Ti=l-43  was  also  found  to  be  independent  of  tem¬ 
perature,  and  was  comparable  to  the  value  &pb/&Ti=l-50 
observed  for  lead  titanate  over  a  similar  range  of  temperature 
(90-298  K).'*  These  results  indicate  the  average  picture  of 
the  ferroelectric  phase  in  [Pbo,85t^o.o5Lao.io]’ri03 
greatly  different  from  that  in  pure  lead  titanate. 
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‘The  bonds  (l)-(9)  are  depicted  in  Fig.  3. 


Alternatively,  information  regarding  the  local  disruption 
of  the  structure  caused  by  the  lanthanum  and  vacancies  was 
contained  in  the  shapes  and  breadths  of  the  diffraction  pro¬ 
files.  Upon  closer  examination,  the  profiles  of  the  Bragg  re¬ 
flections  in  Fig.  1  showed  an  asymmetric  broadening  that 
increased  with  decreasing  temperature  over  the  range  stud¬ 
ied.  The  degree  of  the  profile  broadening  and  asymmetry 
exhibited  an  hkl  dependence,  and  was  most  pronounced  in 
reflections  having  high  /-component  indices.  These  observa¬ 
tions  suggested  the  existence  of  an  inhomogeneous  lattice 
strain  connected  primarily  with  a  spatial  variation  of  the  te¬ 
tragonal  distortion.  It  should  be  mentioned  that  very  simitar 
results  have  also  been  obtained  in  high  resolution  x-ray  dif¬ 
fraction  experiments'”*  performed  on  a  series  of  chemically 
derived  samples  (y  =0-0. 15).  As  the  latter  specimens  were 
processed  under  conditions  very  different  from  those  of  the 
present  sample,  it  is  believed  that  this  type  of  profile  broad¬ 
ening  is  related  to  the  defect  structure  and  reflects  an  intrinsic 
microcrystalline  characteristic  of  these  materials,  rather  than 
being  related  to  processing  parameters  such  as  chemical  ho¬ 
mogeneity,  etc. 

The  degree  of  strain  anisotropy  associated  with  the  ob¬ 
served  profile  broadening  was  quantified  by  calculating  from 
the  refined  profile  coefficients  the  nonuniform  strain  compo¬ 
nents  perpendicular  and  parallel  to  the  tetragonal  c  axis.  As 
seen  in  Table  III,  it  was  found  that  the  magnitude  of  the 
nonuniform  strain  calculated  on  this  basis  was  quite  large 
(=“10”^),  and  only  about  one  order  of  magnitude  smaller 
than  the  uniform  tetragonal  distortion  (c/a-1).  The  strain 
anisotropy  was  also  very  large,  with  the  component  of  strain 
parallel  to  the  c  axis  having  a  value  that  was  about  five  times 
larger  than  the  normal  component.  Both  components  of 
strain  increased  in  magnitude  as  the  temperature  was  low¬ 
ered,  with  the  parallel  component  increasing  more  strongly 
than  the  normal  component. 


TABLE  III.  Tetragonal  distortion,  effective  coupling  coefficient,  and  non- 
uniform  strain  for  [Pbo,g5Doo5l-%io]Ti03.  _ 


Temp. 

(K) 

(c/a-1) 

9'" 

(A-^) 

S, 

(10-=) 

(10-=) 

10 

0.039 

0.494  ±  0.007 

3.11  ±  0.16 

0.57  ±0.13 

200 

0.034 

0.523  ±  0.008 

2.62  ±0.17 

0.55  ±  0.06 

300 

0.029 

0.530  ±  0.014 

2.29  ±  0.20 

0.47  ±  0.04 
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The  temperature-dependent  component  of  the  diffraction 
profile  broadening  can  be  qualitatively  explained  in  the  fol¬ 
lowing  way.  In  the  tetragonal  perovskite  ferroelectrics,  the 
uniform  eomponents  of  strain  (x,)  couple  electrostrictively  to 
the  square  of  the  spontaneous  polarization  (Fj)  in  accor¬ 
dance  with  the  relations  (in  Voigt  notation) 


(1) 

(2) 

From  Eqs.  (1)  and  (2),  it  is  clear  that  any  spatial  variation  in 
the  spontaneous  polarization,  such  as  that  arising  from  local 
La(III)/vacancy  defect  fields,  will  result  in  an  inhomoge¬ 
neous  component  of  the  electrostrictive  strain.  Because  the 
magnitude  of  the  spontaneous  polarization  increases  continu¬ 
ously  below  the  /n3/n— ►4/n/n  transition,  the  degree  of  the 
nonuniform  strain  also  increases  with  decreasing  tempera¬ 
ture.  This  in  turn  results  in  a  temperature-dependent  profile 
broadening  in  addition  to  any  broadening  caused  by  particle 
size  effects,  etc.,  which,  if  present,  would  also  be  observed  in 
the  nonpolar  phase  and  would  not  be  strongly  temperature 
dependent.  Further,  because  j2i  i  and  2 12  differ  in  magnitude 
and  are  opposite  in  sign  (Qi  i/2i2  =  -3.45  for  PbTiOj),'®  the 
degree  of  profile  broadening  and  asymmetry  exhibits  an  hkl 
dependence. 

The  spontaneous  polarization  is  in  turn  directly  related  to 
the  displacement  of  Ti  along  the  polar  axis.^“  It  was  of  inter¬ 
est,  therefore,  to  determine  to  what  degree  the  local  variation 
of  the  polarization,  as  reflected  in  the  profile  coefficients, 
may  alter  the  effective  coupling  constant  relating  the 
uniform  tetragonal  deformation  (c/a-1)  and  Szy^, 

(cla-l)<xqPl^q*^{SzTi)^.  (3) 

The  results,  which  are  also  summarized  in  Table  III,  showed 
that  as  the  degree  of  the  nonuniform  strain  increased,  the 
effective  electrostrictive  coupling  strength  decreased.  Fur¬ 
thermore,  the  magnitude  of  q^^  at  room  temperature  was 
only  about  85%  of  the  value  calculated  using  the  published 
neutron  diffraction  results  for  pure  PbTi03.**'^‘ 

An  analysis  of  the  thermodynamic  equation  of  state  for 
PbTi03  within  the  quasihomogeneous  approximation  of  the 
Landau  theory  of  phase  transitions^^  has  suggested  that  only 
a  small  softening  in  the  elastic/electrostrictive  properties  of 
the  lattice  is  required  to  substantially  alter  the  first-order 
character  of  the  ferroelectric  transition.^^  Indeed,  dielectric 
measurements  on  single  crystal  specimens  have  shown  that  a 
dramatic  reduction  in  the  discontinuity  of  the  reciprocal  per¬ 
mittivity  at  the  transition  occurs  at  dopant  levels  as  low  as 
y  =0.002.^'*  For  compositions  with  0<}’<0.05,  it  has  been 
observed  in  diffraction  and  calorimetric  experiments  that  the 
transition  appears  progressively  more  continuous  as  it  be¬ 
comes  diffuse.'"*  Similar  results  have  also  been  obtained  in 
x-ray  scattering  experiments  on  defect-doped  barium 
titanate.^^’^^ 

With  this  in  mind,  the  nature  of  the  ferroelectric  phase 
transition  in  the  sample  was  investigated  using  specific  heat 
and  high-temperature  x-ray  diffraction  measurements.  The 
specific  heat  anomaly  associated  with  the  m3m—*4mm  tran¬ 
sition  is  shown  in  Fig.  4(a).  As  expected,  the  anomaly  was 


TEMPERATURE  (K) 


HG.  4.  (a)  Specific  heal  anomaly  at  the  m3m— >4mni  transition  in 
[Pbo.ssOo.os'-^o  loffiOj  •  (W  Excess  specific  heat  relative  to  the  linear  ex¬ 
trapolation  of  the  data  above  850  K. 

small,  very  broad,  and  was  not  characteristic  of  a  first-order 
ferroelectric  phase  change.  Because  of  the  large  difference  in 
heat  capacity  for  the  two  phases,  it  was  difficult  to  accurately 
determine  the  transition  energy.  However,  the  value  was  cer¬ 
tainly  not  greater  than  1  kJ/mol. 

At  high  temperatures,  the  variation  of  the  specific  heat 
with  temperature  was  approximately  linear  over  the  range 
studied,  with  a  slope  that  was  nearly  the  same  as  that  ob¬ 
served  below  the  transition.  In  Fig.  4(b),  the  excess  specific 
heat  relative  to  that  extrapolated  from  high  temperature  (T 
>850  K)  is  shown.  It  is  clear  from  these  data  that  the  onset 
of  the  transition  occurred  close  to  565  K,  and  that  the 
anomaly  was  spread  over  an  interval  extending  to  about  625 
K.  Above  625  K,  however,  there  appeared  to  be  a  “tail”  to 
the  excess  heat  capacity-temperature  curve  that  did  not  return 
to  the  baseline  until  a  much  higher  temperature  in  the  vicin¬ 
ity  of  775  K. 

Figure  5  shows  the  temperature  evolution  of  the  unit  cell 
parameters  close  to  the  m3m—*4mm  transition.  Above  573 
K,  the  structure  was  macroscopically  cubic,  and  showed  lin¬ 
ear  thermal  expansion  behavior  over  the  range  studied  (573- 
1023  K).  Using  the  thermal  expansion  data,  the  components 
of  uniform  spontaneous  strain  were  computed  from  the  rela¬ 
tions 
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FIG.  5.  Temperature  variation  of  the  lattice  parameters  of 
[PbossnoosLtio.iolriOs  ferroelectric  m3m— >4mm  transition. 
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where  a,  y,  p*  represent  the  interaxial  angles  in  real  and 
reciprocal  (denoted  by  the  asterisk)  space  and  is  the 
equivalent  lattice  constant  of  the  higher-temperature  cubic 
phase  extrapolated  to  the  same  thermodynamic  conditions 
for  which  a  and  c  are  measured.^’ 

Near  the  crossover  from  a  discontinuous  to  a  continuous 
ferroelectric  phase  transition  (i.e.,  a  tricritical  instability),  the 
spontaneous  strain  is  expected  to  vary  with  temperature  as^’ 

x~P^~\T-T,Y''^.  (6) 

As  demonstrated  in  Fig.  6,  Eq.  (6)  could  be  approximately 
satisfied  over  the  range  of  temperature  studied  by  choosing 
T^=565  K  (plots  of  In  Xj  vs  InlF-  yielded  a  straight  line 
with  slope  m=0.52).  This  result  agreed  well  with  the  transi¬ 
tion  temperature  expected  based  on  dielectric 
measurements,*^  where  it  was  found  that  the  temperature  of 
the  permittivity  maximum  varied  linearly  with  the  lanthanum 
concentration  as  rc(y)  =  7’<.(0)-1950y,  with  Tc{0)=765  K. 
Based  on  these  observations,  it  appears  that  the  macroscopic 
symmetry  changes  at  565  K  and  that  the  transition  is  close  to 
tricritical. 

Inspection  of  the  x-ray  diffraction  profiles,  however, 
gave  some  indication  that  the  structure  was  not  truly  cubic 
even  at  much  higher  temperatures.  This  local  nature  of  the 
structure  was  reflected  in  a  temperature-dependent  broaden¬ 
ing  of  the  x-ray  diffraction  profiles  similar  to  that  observed  in 
the  neutron  experiments.  The  observed  temperature  variation 
of  the  FWHM  is  illustrated  by  the  data  for  the  211  reflection, 
shown  in  Fig.  7.  Although  there  was  some  scatter  in  the  data, 
a  strongly  temperature-dependent  component  of  profile 
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FIG.  6.  Plot  of  the  uniform  spontaneous  strain  components  (x, ,  x,)  against 
fpj  [PbogsDoosLao  iolTiOj.  The  dashed  lines  represent  the  best 
linear  least-squares  fit  of  the  data  taking  7^=565  K  and  constraining  the  fit 
to  pass  through  the  origin. 

broadening  was  evident  below  565  K.  The  temperature  de¬ 
pendence  remained  pronounced  up  to  about  625  K,  and  there 
was  some  suggestion  that  a  weaker  temperature  dependence 
may  have  persisted  to  as  high  as  =775  K.  Similar  results 
were  obtained  in  an  independent  experiment  where  the  100 
reflection  was  examined,  and  in  which  the  diffraction  data 
were  acquired  in  step  scans  and  were  collected  at  various 


200  400  600  800  1000 

TEMPERATURE (K) 


FIG.  7.  Temperature  variation  of  the  FWHM  of  the  211  reflection  for 
[Pbo,85Do.o5)-ao.io]Ti03  determined  by  fitting  the  x-ray  diffraction  profiles  to 
a  psuedo- Voigt  profile  function.  The  dashed  line  is  intended  as  a  guide  to  the 
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temperatures  arrived  at  by  random  heating  and  cooling.  It  is 
believed  that  the  broadening  of  the  diffraction  profiles  re¬ 
flects  the  local  tetragonal  distortion  of  the  structure,  and  that 
this  is  responsible  for  the  tail  of  the  excess  specific  heat- 
temperature  curve  observed  above  the  transition  anomaly. 

In  summary,  the  results  of  powder  neutron  and  x-ray 
diffraction  and  specific  heat  measurements  at  temperatures  in 
the  range  of  10-1023  K  support  the  notion  that  the  origin  of 
the  diffuse  ferroelectric  transition  in  [Pbo.ssDo.osLao.ioJTiOj 
is  connected  primarily  with  a  spatial  variation  in  the  sponta¬ 
neous  polarization.  Electrostrictive  coupling  to  the  local  po¬ 
larization  produces  a  large  nonuniform  strain.  The  effective 
coupling  between  uniform  strain  and  polarization  is  dis¬ 
rupted,  causing  the  transition  to  appear  more  continuous  as  it 
becomes  diffuse.  Despite  this,  the  oxygen  octahedral  frame¬ 
work  is  not  severely  distorted,  and  the  relative  displacements 
of  the  cations  along  the  polar  axis  remain  similar  to  those  as 
observed  for  the  host  compound.  At  temperatures  as  low  as 
10  K,  the  structure  retains  its  tetragonal  symmetry. 

As  with  the  more  strongly  frequency  dispersive 
lanthanum-modified  lead  zirconate-titanates,^*'^®  the  results 
of  specific  heat  and  x-ray  line  broadening  measurements  in¬ 
dicated  that  the  temperature  at  which  the  local  distortion  of 
the  structure  first  occurred  was  close  to  that  of  the  Curie 
point  of  pure  PbTi03  (T.-TfiS  K).  High  resolution  x-ray 
profile  broadening  experiments  or  optical  birefringence  mea¬ 
surements  performed  on  dense  ceramic  samples  would  be 
required  to  confirm  this  behavior  and  to  determine  this  tem¬ 
perature  more  precisely. 
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APPENDIX  11 


Direct  evaluation  of  domain-wall  and  intrinsic  contributions 
to  the  dielectric  and  piezoelectric  response  and  their  temperature 
dependence  on  lead  zirconate-titanate  ceramics 

Q  M.  Zhang,  H.  Wang,  N.  Kim,  and  L.  E.  Cross  „  ,  „  ,  • 
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By  making  use  of  the  fact  tliat  domain-wall  motions  do  not  produce  volumetric  changes,  an 
experimental  method  is  introduced  to  directly  and  quantitatively  determine  the  domam-wa  I  and 
intrinsic  contributions  to  the  piezoelectric  and  dielectric  responses  of  a  ferroelectric  "'“Iciial 
Utilizing  this  method,  the  contributions  from  the  domain  walls  and  intrinsic  pint  as  well  as  the 
temperature  dependence  for  lead  zirconate-titanate  (PZT)  52/48  and  1>Z  1-5(  0  ceramics  are 
evaluated.  The  data  show  that  at  temperatures  below  300  K.  the  large  change  ^ 

piezoelectric  constants  with  Icmperature  is  due  to  the  change  m  the  domain-wall  activities  m  e 
materials.  The  results  confirm  that  most  of  the  dielectric  and  piezoelectric  responses  a  loom 
temperature  for  the  materials  studied  is  from  the  domain-wall  contributions.  1  he  data  also 
Indicate  that  in  PZT-500,  both  180^  wall  and  non-180’  walls  are  possibly  active  under  a  weak 

external  driving  field. 


1.  INTRODUCTION 

For  most  ferroelectric  materials,  the  existence  of 
domain  structures  or  domain  walls  makes  a  significant  in- 
nucncc  on  the  material  itroiierties.  I'or  example,  in  lead 
zirconate-titanate  (FZT)  solid  solution  system,  the  mate¬ 
rial  properties  can  be  modified  over  a  wide  range  by  using 
dilfcrcnt  dopants  or  by  dill'ercnt  processing  conditions. 
Siicli  changes  in  the  material  properties  arc  believed  to  be 
the  result  of  changes  in  the  domain-wall  response  in  the 
materials.^-'  From  the  Landau-Devonshire  phenomenolog¬ 
ical  theory,  it  has  been  proposed  that  for  I’Z  1"  at  compo¬ 
sitions  near  the  morphotropic  phase  boundary,  the 
domain-wall  contribution  accounts  for  more  than  half  o 
the  room-temperature  dielectric  and  piczoelecti  ic 
4 

responses.  . 

In  the  literature,  the  material  properties  from  a  single¬ 
domain  material  are  denoted  as  the  intrinsic  properties  (or 
volume  contribution)  of  the  material,  while  the  contribu¬ 
tions  from  the  other  parts  of  the  material,  mainly  from 
domain  walls,  arc  lumped  as  extrinsic  pro|Krtics  of  the 
material.  Under  this  coiivciition,  the  dielectric  constant  6, 
piezoelectric  constant  </,  and  clastic  compliance  .r,  can  be 
written  as  a  .summation  of  two  terms,' 

6=  ft, -1-  Cin  > 

</  =  </„-!-  d\„, 

Where  the  subscripts  ex  and  in  dcnolc  the  extrinsic  and 
intrinsic  contributions,  respectively. 

To  understand  liow  domain  structures  and  domain- 
wall  motions  are  innucnccd  by  dilVercnt  processing  condi¬ 
tions  and  dopants  so  tlial  the  material  properties  can  be 
belter  tailored,  one  needs  to  quanlilativcly  describe  the 
changes  of  e„,  e,.,  c/„,  r/,..  5.,,  with  llic  processing 

condLns  and  dopants.  Thai  is,  to  distinguish  the  intrin¬ 


sic  and  exlrinsic  coiilributions  from  the  experimental  data 
which  usually  contain  both  parts.  Currently,  two  inctliods 
are  commonly  u.scd  in  separating  the  extrinsic  properties 
and  intrinsic  properties  in  ceramics:  One  is  based  on  the 
frequency  dispersion  characteristics  of  the  dielectric  con¬ 
stant  and  the  other  is  based  on  the  properties  measured 
at  near  0  K  temperature.''''’  *  Since  dielectric  dispersion 
only  describes  the  dielectric  property  of  a  material,  it  can¬ 
not  provide  information  on  the  piezoelectric  icsponscs 
from  dilTcrctil  parts  and  the  dillercnce  between  180 
domain-wall  response  and  non- 180*  doniain-wall  response. 
While  the  results  derived  from  the  second  method  aie  on  y 
related  to  the  material  properties  at  near  0  K  and  may  not 
be  directly  related  to  the  material  properties  at  higher  lein- 

peratures.  ,  ,, 

In  this  article,  we  introduce  a  new  experimental  melli- 

odology  which  can  directly  and  quanlilativcly  determine 
the  domain-wall  and  intrinsic  contributions  to  the  malerial 
properties  and  their  temperature  dependence.  Using  this 
inethod,  the  piezoelectric  and  dielectric  responses  from 
both  the  intrinsic  and  doniain-wall  conlribulions  were  in¬ 
vestigated  for  both  doped  and  pure  I’ZT  ceramics  near  the 
,„o,,,l,oi,opic  phase  boundary  in 

from  to  to  3t)t)  K.  The  basic  princii>le  of  tins  method  is  h, 
in  contrast  to  the  intrinsic  resiumse  where  any  |>olarization 
change  will  be  aceompanied  by  a  change  in  the  unit-ce 
volume,  the  iiolarization  change  induced  by  doniain-wa 
motion  will  not  cause  volume  changes.  As  a  consequence, 
llie  domain-wall  iiiolioii  will  not  contribute  to  the  hydio- 
statie  rcsiionse  of  a  malerial  and  the  change  m  the  piezo¬ 
electric  hydrostatic  coellicient  d„  will  not  be  tela  ed  to  the 
resiniiisc  from  domain  walls;  Iherelorc.  d,  provides  a  vciy 
sensitive  means  to  separate  the  inli'insic  and  exlrinsic  m.i- 
lei'ial  responses.  By  combining  these  results  will,  the  data 
measured  near  0  K.  we  can  get  the  Iciniicraluie  deiicn- 
deuce  of  the  extrinsic  response  and  mlrmsic  response  o 
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trie  and  i>iezoelectric  responses,  one  is  al)le  lo  gain  inlor- 
niation  on  llie  cliangc  of  domain-wall  lesponses  of  180 
type  and  non- 180°  type  as  the  processing  conditions  or 
dopants  are  varied. 


II.  EXPERIMENTS 

The  piezoelectric  constants  f/33  and  d^\,  dielectric  con¬ 
stant  £33,  and  rcmanenl  polarization  were  cliaracterized 
for  pure  PZT  at  the  composition  near  the  morpholropic 
phase  boundary  (PZ1  52/48),  and  a  solt  I’ZI  in  the  tem¬ 
perature  range  from  10  to  300  K.  The  PZF  52/48  ceramic 
samples  were  made  through  the  standard  solid-state 
processing.’  The  samples  were  poled  at  an  electric  field  of 
50  kV/cm  and  a  temperature  of  375  K  for  5  min.  All  the 
samples  were  aged  for  more  than  1  week  at  room  temper¬ 
ature  before  any  measurement.  '1  he  solt  PZ 1  ceramic  sam¬ 
ples  {PZT-500)  were  purchased  from  Piezo  Kinetics,  liic. 
(Dellefoiile,  I’A  16823)  anil  were  poled  by  the  manufac¬ 
turer. 

The  piezoelectric  constants  1/33  and  r/31  were  accpiircil 
through  the  resonance  tcchniipic  using  a  IIP  impedance 
analyzer  (IIP  4194A)  for  bar-shaped  samples  and  the  rc.s- 
onance  freijuencies  were  around  150  kllz.  T  hese  constants 
were  also  measured  at  room  temperature  by  a  laser 
dilatomcter."'  The  results  from  the  two  measurements 
were  in  good  agreement.  The  temperature  regulation  for 
the  resonance  experiment  was  provided  by  a  helium  clo.sed- 
cycle  refrigerator  (APD  Cryogenics,  Model  IIC-2). 

The  dielectric  constant  measurement  was  carried  out 
using  a  HP  mullifreqtiency  RLC  meter  (HP  4274A)  and 
the  leinpcralure  dependence  ol  the  remanent  polarization 
P,  was  obtained  by  combining  the  data  acciuired  using  the 
Dyer-Roundy  technique  and  from  polarization  hysteresis 
loop  measurements.  Since  the  fcrroelcclric-paraclectric 
transition  temperature  (Curie  temperature)  for  these  sam¬ 
ples  is  far  above  the  upper  operation  temperature  for  the 
setup  which  is  at  500  K,  the  Hyer-Roundy  technique  can¬ 
not  provide  the  absolute  value  of  the  remanent  polarization 
of  the  samples.  To  establish  the  absolute  scale  of  the  rem¬ 
anent  polarization,  the  polarization  hysteresis  loop  was 
nieasured  at  room  temperature  using  a  modified  Sayer- 
Tower  circuit.  A  homemade  temperature  chamber  was 
used  to  regulate  the  temperature  for  the  polarization  mea¬ 
surement.  The  temperature  range  of  the  measurement  was 
from  100  to  470  K  for  PZT-500  and  100  to  340  K  for  PZT 
52/48.  In  all  experiments,  the  sample  thickness  was  about 
1  nun  and  the  sample  area  was  about  5x5  mm^.  I  he  elec¬ 
trodes  were  made  by  sputtering  gold  on  both  surfaces  of 
the  samples. 

III.  RESULTS  AND  DISCUSSION 

A.  Temperature  dependence  of  the  piezoelectric 
constants 

Shown  in  Figs.  1(a)  and  1(b)  is  the  temperature  de¬ 
pendence  of  the  piezoelectric  constants  1/33  and  1/31  for  PZ  f 
52/48  and  PZT-500  samples,  respectively.  For  PZT  52/48, 


rio.  1.  The  leinpcialiiie  ilcpeiuleiicc  of  piezDeleetric  eonslanl.s  (/,i.  f/,i , 
a<Hl  </,,  for  (a)  l‘Z\  52A18  and  (1))  I’/.T -StKI  eeiainies. 


as  the  temperature  increases  from  10  K  to  room  tempera¬ 
ture  (300  K),  1/33  increases  about  two  and  a  half  times 
(from  about  105  to  245  pC/N).  In  the  same  temperature 
range,  —1/31  has  about  a  threefold  increase  (Irom  about  40 
to  ll4pC/N).  From  the  relation  1/3,  =  <'/33-|- 21/3),  <//,canbc 
determined  in  the  same  temperature  range  and  clearly,  un¬ 
like  1/33  and  1/31,  <//,  does  not  increase  with  temperature. 
Instead,  from  low  temperature  to  room  temperature,  <//, 
exliibits  a  slight  decrease  from  about  24  to  20  pC/N,  which 
is  shown  in  Fig.  1(a).  The  data  for  <//,  in  Fig.  1(a)  also 
shows  larger  scattering  than  those  of  f/33  and  Ihis  is 
understandable  since  both  f/33  and  f/31  are  much  largei  than 
f/3,,  any  small  data  scattering  in  f/33  and  f/31  will  induce  a 
relative  large  scattering  in  d/,  when  it  is  obtained  by  the 
diirercncc  between  f/31  and  f/33.  In  spite  of  that,  the  data 
clearly  shows  that  d/,  has  a  much  smaller  temperatuie  vaii- 
ation  compared  with  both  f/33  and  f/31. 

Similarly,  for  PZ  r-50(),  in  the  temperature  range  from 
15  K  lo  room  temperature,  f/33  increases  from  about  132  to 
360  pC/N  and  -f/31  fiom  54  lo  170  pC/N,  while  d,,  stays 
almost  a  constant  around  23  pC/N  in  the  same  tempera¬ 
ture  range,  as  shown  in  Fig.  2.  By  relating  Ihis  behavioi  lo 
the  discussions  above,  one  can  immediately  draw  the  con¬ 
clusion  that  in  both  pure  and  doped  PZl  cciamics,  the 
large  change  in  the  piezoelectric  activity  (f/33  and  f/31)  in 
this  temperature  range  is  caused  by  the  extrinsic  contribu¬ 
tion,  most  likely  by  the  non-180  domain-wall  motions. 

D.  Temperaltire  tiepondenco  of  the  dicloclrlc 
constant  and  remanent  polarization 

In  Fig.  2,  tiic  temperature  dependence  of  £33  for  both 
RZT  52/48  and  I’ZT-5()0  is  iilolled  from  15  to  300  K.  l-'or 
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FIG.  2.  The  Uicicciric  coiislani  f,,  Tdi  1’ZI  -51K)  (•)  aiul  I’ZI  52/48  (O) 
poled  samples  measured  al  1  kllz. 


FIG  3.  The  icmaiiciil  polari/alion  for  I’ZI -500  and  I’ZI  52/48  as  a 
funelioii  of  tempcrauire.  The  curves  al  Icmpcratures  below  100  K  are 
caleulalcd  from  the  filliiig  lo  the  higher-lcmpcraturc  data. 


PZT  52/48,  except  for  a  broad  anomaly  at  a  temperature 
near  260  K,  6,3  shows  a  large  increase,  from  about  370  at 
15  K  to  near  1200  at  room  lempcralurc,  which  is  a  moic 
than  threefold  increase.  For  l’ZT-500,  e,,  is  375  at  15  K 
and  increases  to  1800  at  room  temperature.  Therefore,  the 
dielectric  constants  of  the  two  I’ZT'  materials  are  almost 
the  same  at  temperatures  near  0  K.  This  is  consistent  with 
an  earlier  experimental  result  in  which  all  the  dielectric 
constants  measured  from  PZ  I's  with  dilfcienl  dopants  con¬ 
verged  to  a  common  value  as  the  temperature  appioachcd 
to  0  K.’  In  contrast,  at  a  tcmiicraturc  near  0  K,  the  piezo¬ 
electric  constants  for  the  two  materials  are  not  the  same, 
which  is  probably  caused  by  din'ereiit  degree  of  poling  and 
dillerent  distribution  of  polarization  about  the  poling  di¬ 
rection  in  the  materials.  As  is  shown  later,  the  remanent 
polarization  of  l’ZT-500  is  higher  than  that  of  I’ZT  52/48. 
Apparently,  doiiants  in  l’ZT-500  facilitate  the  domain-wall 
movement  and  increase  the  degree  of  poling. 

The  piezoelectric  response  in  a  single-domain  material 
can  be  viewed  as  polarizalion-biased  elect rostricl ion. 
Hence,  the  intrinsic  piezoelectric  and  dielectric  response 
are  related  Ihrough  the  eleclrostriclivc  coclTicient  Q,j  and 
the  remanent  polarization  P ,, 


r/.i.)=2e33f()(2ii^^ ' 

(2a) 

(2b) 

(2c) 

where  e,,  is  the  vacuum  permittivity.  These  relations  are 
derived  from  single-domain  materials  and  should  be  valid 
for  ceramics  where  the  quantities  in  Fq.  (2)  are  the  aver¬ 
aged  ones.  Although  the  piezoelectric  constants  </,y  vary 
widely  as  the  composition  or  tcniperature  changes,  l he 
polarization-related  electrostrictive  coenicieiits  Q,j  haidly 
change  with  composition  and  temperature  in  lAi 
ceramics.'*  Therefore,  once  the  temperature  dependence  ol 
P  is  determined,  the  temperature  de|iendencc  of  the  iiilrin- 
sic  dielectric  response  can  be  evaluated  ihrough  hq.  (2c). 
Similarly,  r/3.1  ‘/'i  contribution  can 

also  be  determined  from  liqs.  (2a)  and  (2b). 
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For  the  two  I’ZTs,  the  remaneni  polarizalion  F,  as  a 
function  of  temperature  is  shown  in  Fig.  3.  Since  the  lowest 
lemireralurc  measured  for  the  P,  was  al  lOU  K,  Ihc  data 
were  fitted  using  a  polynomial  and  the  low-lcmpcralurc  (0 
K)  F,  was  extrapolated  from  the  fitting.  As  can  be  seen 
from  Fig.  3,  the  7’,.  is  a  smooth  funclion  of  Icmpcraluic  and 
from  the  theoretical  considcralion,  one  does  not  expect  any 
irregular  changes  in  F,  as  the  temperature  is  lowered, 
which  justifies  the  extrapolation.''’"  Al  temperatures  near 
and  above  room  temperature,  there  is  a  small  irregular 
change  in  the  F,  for  I’ZT  52/48.  This  is  likely  caused  by  llie 
internal  stress  field  in  the  material,  which  increasingly  ic- 
aligns  the  domain  as  the  temperature  is  raised.  Hence,  for 
I’ZT  52/48  the  higher-lemperalure  data  are  not  plotted 

here. 


C.  Discussion 

From  the  results  presented  in  Secs.  HI  A,  and  HID, 
the  temperature  dependence  of  the  piezoelectric  and  diclcc- 
iriceonstaiils  from  both  the  intrinsic  and  domain-wall  con¬ 
tributions  can  be  determined.  Assuming  al  0  K,  tljj  and  633 
are  from  the  intrinsic  contribution,  | ,  Q\i  m'r'  Qh  I 
I’ZT  ceramics  arc  calculated  using  Fq.  (2),  and  die  results 
(listed  in  Table  1)  arc  close  to  those  of  an  earlier  experi¬ 
mental  result."  In  the  calculation,  the  data  ol  d,j  and  633  a 
0  K  are  extrapolated  from  the  higher-temperature  data  and 
are  very  close  lo  those  measured  at  15  K.  Making  use  of 
Fq.  (2),  the  temperature  dependence  of  the  dielectric  con¬ 
stant  e„  and  piezoelectric  constants  1/33  and  f/3,  from  the 
intrinsic  contribution  arc  calculated  and  they  arc  shown  in 
Fias  4  and  5  for  the  dielectric  constant  and  the  piezoclec- 


I  AtIt.F.  t.  tlic  ctcilrusiriclivc  coclliciciils  for  l’Zt-5f)0  mict  t  Zl  52/48 
ocijniiirs  um'iI  in  tlii’^  cmuTiim'iit.  _  . 


l>Zt-5tK) 
I’/I  52/48 
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pendent  of  tcmpcrnlurc.  Clearly,  in  llie  lemperaluie  laiige 
studied,  there  is  very  little  increase  in  the  intrinsic  dielec¬ 
tric  activity.  Fnr  I’ZI  52/48,  it  stays  at  ahoiit  350  in  this 
temperature  range  and  for  PZ  f-SOO,  it  increases  slightly 
with  teniperalure  from  350  at  0  K  to  430  at  300  K.  This  is 
consistent  with  the  experimental  results  from  Doltger  and 
Arlt’  and  from  Kersten  and  Schmiilt*’  on  PZT  ceramics,  in 
which  the  low-frequency  dielectric  constant  633  showed  a 
large  change  with  temperature,  while  at  freciuencies  above 
the  dielectric  relaxation  peak  (near  1  GHz)  633  was  nearly 
a  constant  of  iibout  400  at  temperatures  below  300  K  for 
PZT  52/48.  Since  the  dielectric  relaxation  at  frequency 
near  1  GHz  is  believed  to  be  due  to  the  rclaxalion  from 
domain  walls,  at  frequencies  above  that  one  expects  tlial 
the  domain-wall  contribution  will  die  out  and  the  major 
contribution  to  the  dielectric  response  will  only  be  the  in¬ 
trinsic  part.  In  adilition,  £33  value  of  about  400  is  almost 
the  same  as  what  we  observeil  here  at  temperatures  near  0 
K.  Therefore,  in  spile  of  dilfercnt  techniques  used,  the  two 
sets  of  measurements  yield  almost  the  identical  results.  Be¬ 
sides  that,  the  dielectric  constants  measured  from  single¬ 
crystal  samples  of  PZT  also  stayed  almost  constant  at  low 
temperatures.'^ 

The  rcsidts  prcscnteil  here  provide  rlirccl  cviilcncc  that 
at  room  temperature,  domain  walls  make  major  contribu¬ 
tions  to  the  dielectric  and  piezoelectric  responses  of  PZT 
materials.  This  is  consistent  with  the  theoretical  prediction 
using  Landau-Devonshirc  theory.''  At  room  temperature 
the  intrinsic  dielectric  and  piezoelectric  contributions  arc 
less  than  25%  and  about  37%  of  the  total  responses  for 
PZT-500,  and  30%  and  5  for  PZT  52/48. 


wall  aiul  11011-180°  wall.  A  major  ilillcrciicc  ocIwcl'ii  iiic.sc 
two  groups  of  walls  is  that  180°  walls  arc  not  fcrroclaslic 
active,  while  non- 1 80“  walls  arc  Iciroclaslic  active.  As  .1 
result,  180°  wall  motion  will  alfect  only  the  dielectric  prop¬ 
erly  and  11011-180°  wall  will  alfect  both  ilielecliic  and  piezo¬ 
electric  properties.  Hence,  when  one  discusses  domain-wall 
contributions  to  the  malcritil  responses,  it  is  impoilaiit  to 
know  which  kind  of  wall  is  active  under  w'cak  driving  held 
because  by  enhancing  only  the  non- 180  wall  activity  one 
can  greatly  improve  the  electromechanical  coupling  factor 
of  the  material,  and  on  the  other  hand,  by  enhancing  only 
the  180°  wall  activity,  the  dielectric  response  of  the  mate¬ 
rial  can  be  improved  significantly  without  introducing 
large  dielectric  losses,  which  are  mostly  caused  by  non- 180° 
wall  motions."  Currently,  it  seems  to  be  w'iilely  believcil 
that  for  PZT  and  other  ferroelectrics  w'ith  perovskite  struc¬ 
ture,  under  weak  external  driving  fields,  the  major  part  of 
the  domain-wall  response  is  from  non- 180  walls  anil  180 
walls  are  almost  iille.  The  reason  is  that  180°  wttll  width  is 
much  narrower  (probably  on  the  order  of  one  unit  cell)  in 
comparison  with  non-180°  walls, which  implies  that 
there  is  a  innch  steeper  potential  well  for  180  walls;  there¬ 
fore,  a  weak  external  field  may  not  be  able  to  induce  sub¬ 
stantial  changes  in  the  180"  wall  structure,  lixpei imentally, 
there  was  no  direct  evidence  to  prove  or  disprove  this; 
however,  the  results  presented  here  may  not  be  consistent 
with  the  idea  that  180°  walls  in  PZ'f  ceramics  are  idle. 
From  the  results  presented  above,  at  room  temperature, 
the  extrinsic  contribution  to  the  dielectric  constant  is  larger 
than  that  to  the  piezoelectric  constant  for  PZT-500,  while 


FIG.  4.  Tlic  calculated  intrinsic  (O)  and  cxtrin.sic  (■)  dielectric  con- 
slant  for  (a)  I’ZT-SOO  and  (b)  PZT  52/48.  For  the  comparison,  llic  total 
dielectric  constant  (#)  measured  is  also  pre.seiiled. 


FlU.  5.  The  calculated  intrinsic  and  extrinsic  piezoelectric  constants 
for  (a)  PZT-5(X),  and  (b)  PZT  52/48:  open  circles  are  inirinsic  (/„, 
solid  circles  inirinsic  il„,  open  sipiares  extrinsic  r/,,,  and  solid  sipiares 
extrinsic  1/3). 
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riG.  6.  The  calciilaled  cxlriii'iic  piczocleelric  and  dielectric  coiistaiils  Tor 
(a)  I>ZT-500  and  (b)  I’ZT  52/48;  solid  circles  are  extrinsic  </„.  open 
circles  extrinsic  f,i. 


for  PZT  52/48  they  are  almost  the  same  (the  ratio  dfy/da 
and  €3*3/633).  Tliat  is,  increased  domain-wall  activities  in 
PZT-500  raise  the  dielectric  constant  more  than  the  piezo¬ 
electric  constant.  The  large  increase  in  f/„  is  apparently 
due  to  the  increased  activity  in  non- 1  SO"  walls  in  PZI-5(X); 
however,  the  disproportionate  increase  in  e„  "“'y 
the  fact  that  there  are  substantial  increases  in  the  180”  wall 
activity,  loo.  In  addition,  as  illustrated  in  Fig.  6,  the  ex¬ 
trinsic  piezoelectric  and  dielectric  contributions  show  a 
similar  temperature  dependence  for  both  PZr-500  and 
PZT  52/48;  however  the  ratio  of  to  e„)  for  the 

two  materials  is  quite  dilfcrcnl.  /\l  room  temperature,  this 
ratio  is  0.2  pC/N  for  PZT  52/48  and  less  than  0.15  pC/N 
for  PZT-500.  In  other  words,  on  average,  corresponding  to 
the  same  polarization  change,  the  domain-wall  motions 
will  produce  much  less  piezoelectric  response  in  PZT-500 
than  in  PZT  52/48  even  though  the  poling^ level  in  PZT- 
500  is  higher.  From  the  analysis  by  llaun,'*  Aril,  Dcder- 
ichs,  and  llcrbicl,"’  Zhang  el  <;/.’’  and  the  earlier  experi¬ 
mental  results,  which  showed  that  as  the  poling  level 
increases  this  ratio  should  increase  if  there  are  only  non- 
180”  domain  walls  active,  the  phenomenon  observed  here 
strongly  suggests  that  there  is  a  substantial  incre.asc  in  180 
wall  activity  in  PZT-500,  which  raises  the  dielectric  con¬ 
stant  of  the  material  while  keeping  the  piezoelectric  con¬ 
stant  unchanged;  therefore,  both  the  non- 180”  wall  and 
180”  wall  should  be  active  in  PZT-500. 

We  would  like  to  emphasize  that  the  notion  introduced 
here  that  the  domain-wall  motions  do  not  contribute  to  llic 
volume  change  may  not  be  applicable  when  the  wall  mo¬ 
tions  are  related  to  the  polarization  switch,  which  may 
introduce  significant  local  stress  and  result  in  some  volume 
change.  This  kind  of  volume  change  may  provide  informa- 
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lion  on  the  local  sti'css  distribution  and  llicinsclvcs  tlcscivc 
detailed  studies.  In  addition,  for  ceramic  materials,  there 
exist  pores  which  could  change  the  local  stress  pallern  and 
cause  volume  changes  as  Ihe  wall  moves.  However,  for 
well-fabricated  materials,  this  probability  is  very  small  and 
should  not  significantly  aller  the  conclusions  pre.senled  in 
this  article.  The  consistency  between  the  results  here  and 
earlier  experimental  results  confirms  this  point. 


IV.  SUMMARY 

In  this  article,  we  presented  a  new  cx|)erimental 
method,  based  on  the  notion  that  domain-wall  motions 
induced  by  weak  external  fields  will  not  contribute  lo  the 
hydrostatic  piezoelectric  response,  lo  directly  evaluate  the 
intrinsic  and  domain-wall  contributions  in  a  piczoclectiic 
ceramic  sample.  Using  this  method,  the  domain-wall  and 
intrinsic  contributions  lo  the  iiiczoelcclric  and  dielcctiic 
responses  and  their  temperature  dependence  for  PZT 
52/48  and  PZT-500  ceramics  arc  evaluated  directly  and 
quanlitalivcly.  The  data  show  that  at  temperatures  below 
300  K  the  large  change  in  the  dielectric  and  piezoelectric 
properties  with  temperature  is  from  the  domain-svall  con¬ 
tribution.  The  results  confirm  that  most  of  dielectric  and 
piezoelectric  rcspon.ses  at  room  temperature  for  the  mate¬ 
rials  studied  arc  from  the  domain-wall  contributions.  The 
data  also  show  that  in  PZT-500,  both  180”  wall  and  non- 
180’  wall  arc  most  likely  active  under  weak  external  diiv- 
ing  fields. 

The  experimental  methods  presented  in  this  article  can 
be  extended  lo  a  wide  range  of  malcrials  and  lo  a  wide 
tcni|)cralurc  range  lo  study  how  various  cxicrnal  iraramc- 
Icrs  change  the  extrinsic  and  intrinsic  conlribulions  and 
their  tcmpcralurc-dcpendcncc  behavior.  In  combination 
with  the  analysis  similar  lo  that  cmidoycd  by  Arlt  and 
co-workers'*’  and  the  information  of  the  polarization  dis¬ 
tribution  in  a  material,  one  can  quantitatively  determine 
how  the  180’  wall  and  non- 180”  wall  activities  change  as 
one  varies  various  conditions. 
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A  simple  and  direct  method  has  been  proposed,  which  may  be  used  for  quantitatively 
distinguishing  the  mechanisms  of  domain  reorientation  processes  in  polycrystalline  materials. 
Using  this  method,  the  90°  domain  reorientation  in  the  Pb(Zr^Tii  _  x)03  ceramic  under  an  electric 
field  was  examined  through  the  X-ray  diffraction  analysis.  It  was  found  that  polarization  switching 
in  the  PZT  ceramic  with  a  composition  near  the  morphotropic  phase  boundary,  is  predominantly 
controlled  by  the  two  successive  90“  domain  processes  rather  than  only  the  1 80”  domain  reversal 
process.  Experimental  results  also  indicate  that  the  coercive  field  of  ferroelectric  ceramics  is  related 
to  the  cooperative  deformation  associated  with  each  grain.  This  cooperative  deformation  arises 
from  the  90°  domain-reversal  process. 


1.  Introduction 

The  interrelationship  between  the  dynamic  behaviour 
and  the  microstructures  (intrinsic  domain  structures) 
of  ferroelectric  ceramics  is  of  great  significance.  The 
investigation  of  polarization  reversal  in  ferroelectric 
ceramics  is  of  both  theoretical  and  practical  interest. 
Recently,  much  effort  has  been  directed  into  develop¬ 
ing  polycrystalline  ferroelectric  thin  films  as  non-vol¬ 
atile  memory  devices  using  the  capability  of  switching 
the  direction  of  remnant  polarization  under  the  influ¬ 
ence  of  an  electric  impulse.  In  fact,  the  polarization 
reorientation  processes  are  intimately  associated  with 
the  basic  dynamic  memory  capability  and  the  switch¬ 
ing  threshold  of  polycrystalline  thin-film  memory  de¬ 
vices,  as  well  as  the  basic  fatigue  and  degradation 
behaviour  of  thin-film  devices.  With  regard  to  this,  the 
mechanisms  of  the  domain  reversals  in  PZT  polycrys¬ 
talline  systems  have  a  special  and  important  aspect. 

Early  investigations  of  the  dynamic  behaviour  of 
90°-type  domain  walls  (90"  in  tetragonal,  71°  and 
109°  in  the  rhombohedral  phase)  and  180°  domain 
walls  in  PZT  ceramics  have  been  carried  out  over  the 
last  three  decades  [1-7].  Based  on  the  bias-depend¬ 
ence  measurements  of  dielectric  constants,  polariza¬ 
tion,  and  spontaneous  strain  in  certain  PLZT  ceramic 
systems,  it  has  been  suggested  that  the  processes  of 
polarization  reversal  may  be  characterized  by  two 
successive  90°-type  domain  processes  rather  than  by 
the  direct  180°  domain  switching  processes.  Apparent¬ 
ly,  all  previous  research  results  seemed  to  be  adequate; 
however,  they  are  by  no  means  quantitatively  conclu¬ 
sive,  because  no  direct  experimental  methods  could 
distinguish  the  mechanisms  of  the  polarization  rever¬ 
sal  processes  in  the  polycrystaliine  materials.  In  gen¬ 


eral,  the  mechanism  of  polarization  reversal  processes 
in  single  crystals  is  explained  by  the  nuclcation  and 
growth  of  new  antiparallcl'domains.  Ferroelectric  cer¬ 
amics  consist  of  many  randomly  orientated  grains. 
Therefore,  the  polarization  reversal  mechanism  and 
switching  behaviour  in  ferroelectric  polycrystalline 
material  is  rather  complicated  and  depends  upon 
many  conditions  [8].  Usually,  the  polarization  rever¬ 
sal  processes  in  ferroelectric  polycrystaliine  materials 
arc  substantially  different  from  those  in  single  crystals. 
In  this  work,  a  simple  and  direct  method  has  been 
proposed,  which  can  be  used  for  quantitatively  distin¬ 
guishing  the  mechanisms  of  domain  reorientation  pro¬ 
cesses  in  polycrystaliine  materials.  It  has  been  directly 
confirmed  that  the  polarization  switching  processes  in 
PZT  ceramic  with  the  composition  within  the 
morphotropic  phase  boundary  is  predominantly 
dependent  upon  two  successive  90’  domain  reversal 
processes. 

2.  Experimental  procedure 

The  specimens  used  here  arc  of  chemical  composi¬ 
tion  Pb(Zro.52  Tio.48)03 -f  0.5  wt  %  Nb205.  which 
is  within  the  morphotropic  phase  boundary.  The 
ceramics  were  prepared  by  the  conventional  mixed- 
oxide  process.  The  final  sintering  temperature  is 
1 180-1 250  °C  for  2-3  h.  The  scanning  electron  micro¬ 
graphs  (Fig.  1)  show  the  average  grain  size  of  the 
ceramic  to  be  3-3.5  pm.  The  domain  structures 
can  be  clearly  observed  through  the  environmental 
scanning  electron  microscope  without  coating  the 
samples  [8].  Samples  were  cut  in  the  dimensions 
8  mm  X  8  mm  x  0.5-0.8  mm,  and  clectrodcd  with  gold 
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lied  ,sil\cr  clcclrodeii  ueic  used  on  ihe  luees  exposed  lo 
the  X-rays  in  order  to  reduce  the  extra  dilTraction  of 
the  electrodes.  Before  making  silver  electrodes,  the 
surfaces  of  the  samples  were  polished  and  etched. 
X-ray  dilTraction  measurements  were  performed  on  an 
automatic  X-ray  dilTractomcter  using  CuK,  radiation 
(X  =  1.5418  nm).  The  experimental  data  were  pro¬ 
cessed  with  the  software  developed  by  the  Materials 
Research  Laboratory  at  Pennsylvania  State.  The 
X-ray  patterns  were  recorded  at  a  scan  rate  of 
20  =  0.3  min" '.  The  low  scanning  rate  was  chosen  in 
order  to  enhance  the  intensity  of  the  diffraction.  The 
ceramic  specimens  were  initially  poled  in  two  different 
ways  in  accordance  with  the  sample  shape,  as  shown 
in  Fig.  2.  The  depth  of  X-ray  penetration  in  this  PZT 
system  is  estimated  to  be  1-2  pm. 


3.  Results  and  discussions 
3.1.  Principle  of  X-ray  analysis 
It  is  well  known  that  PZT  ceramics  contain  many  90° 
and  180°  domains.  The  electric  field  will  force  them  to 


Finiire  I  Scanning  electron  micrograph  of  PZT  ceramic  with  com¬ 
position  near  the  morphotropic  phase  boundary. 
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Fiaiirc  '  Shape  and  initial  polarization  orientation  of  specimens  for 
two  difTcrent  cases:  (al  the  initial  direction  of  remnant  polarization 
parallel  lo  the  surface  of  Ihe  plate  sample;  |h)  the  initial  direction  of 
remnant  polarization  perpendicular  lo  the  surface  of  the  plate 
sample. 


ol  IM)  diimams  during  the  polan/.iiKin  pi occ.s.s  could 
not  be  detected  by  the  X-ray  dilTraction  method. 
Therefore,  it  is  believed  that  the  change  of  ratio 
f|oo  2i//(2  n  01  is  caused  by  the  switehing  of  the  90° 
domain  alone  [9,  10].  In  general,  the  intensity  of  any 
Uuk.l)  reflection,  relative  to  that  from  a  random  speci¬ 
men,  is  proportional  to  the  volume  fraction  of 
domains  having  their  (li  k  I)  planes  parallel  to  the  plate 
surface.  Regarding  this  study,  the  intensity  of  the 
f(o  0  2)  reflection  is  proportional  to  the  volume  fraction 
of  the  domain  having  the  polarization  direction  para¬ 
llel  to  the  normal  of  the  surface  of  plate  specimens. 
Based  on  the  general  principle  of  X-ray  diffraction,  the 
diffractive  intensity,  I{h  k  /),  for  the  (li  k  I)  plane  can  be 
usually  expressed  by  [10] 

f|/ik/i  k  1)1^  (i  Po, m  (la) 

where  lo  is  the  incident  X-ray  diffraction,  L  the 
Lorentz  angle  factor,  Fp,*/)  a  structure  factor  for  the 
(likl)  plane.  A/,**,,,  the  multiplicity  factor,  A  the  ab¬ 
sorption  factor,  and  C  is  known  as  measuring  system 
constant.  Once  the  measuring  conditions  and  speci¬ 
mens  are  defined,  C  can  be  calculated,  pm/,  is  the 
crystal  plane  orientation  density  which  is  defined  as 
the  volume  fraction  of  the  crystal  grains  with  {hkl) 
plane  parallel  to  specimen  surface. 

Obviously,  for  a  specimen  with  the  preferred  ori¬ 
entation  of  the  (h,k,l)  plane,  its  P(kii)  should  be  con¬ 
stant  and  can  be  taken  as  I,  therefore,  one  has 

fppi k I)  =  Ozl/oZ-l Fp, k  1,1^  A/p, k /(  (lb) 

From  the  definition  of  diffraction  intensity,  it  easily 
follows  that  the  diffraction  intensity  for  the  [hkl) 
planes  should  be  proportional  to  the  volume  fraction 
of  domains  (both  90“  and  180°  domains)  in  which  the 
[hkl)  planes  are  parallel  to  the  surface  of  the  plate 
specimens.  Because  there  may  be  two  possible  kinds  of 
domain  reversal  processes  during  the  polarization 
switching,  the  measured  l,o  o  2)  ‘md  q  o*  should  con¬ 
tain  the  contributions  of  the  planes  (002)  and  (200) 
within  both  90°  reversal  domains  and  180°  reversal 
domains,  respectively,  that  is 

^(00  2)  =  'b  [90°] /p(0  0  2»  +  '>2[180°] /p,o  0  2)  (2) 
f(200)  =  t/l  [90°] /p(2  0  0)  +  t/2[l80°] /p,2  0  0)  (3) 
and 


/I,  +  Ili+Oi  +02  =  1 

Here,  n,  and  112  arc  the  90°  and  180°  domain  volume 
fractions,  respectively,  which  have  the  (002)  plane 
parallel  to  the  surface  of  the  plate  specimens,  t/i  and  02 
are  the  90°  and  180“  domain  volume  fractions,  respec¬ 
tively,  which  have  the  (200)  plane  parallel  to  the 
surface  of  the  plate  specimens.  It  should  be  noted  that 
/ii  and  Ol  are  functions  of  the  applied  electric  field, 
whereas  (I2  and  02  are  always  constants  during  do¬ 
main  reversal  processes  because  the  reversal  of  180° 
domains  could  not  be  detected  by  the  X-ray  diffrac¬ 
tion  method.  The  domain  volume  ratio  between  the 
domains  with  the  polarization  direction  perpendicular 
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to  the  surface  and  tliose  having  the  direction  of  their 
polarizations  parallel  to  the  surface  of  the  plate  speci¬ 
men  could  be  expressed  as 

R'  =  k'-^^  (4) 

f(2  0  01 

where,  K  is  a  special  coefficient.  Because  the  change  in 
diffraction  intensities  is  only  caused  by  90'’  domains, 
the  X-ray  intensities  of  /(oo2)/A2oo)  under  the  influ¬ 
ence  of  the  electric  field  could  represent  the  character¬ 
istics  of  90”  domain  reversal.  The  changing  rate  of 
f(0  0  2)7^2  0  0)  tuuy  reveal  some  information  about  the 
mechanism  of  the  domain  reorientations,  in  the  fol¬ 
lowing,  we  shall  discuss  two  different  cases  of  polariza¬ 
tion  reorientation  to  distinguish  the  polarization  re¬ 
orientation  processes  between  90°  domain  reversal 
and  180°  domain  reversal  processes.  It  should  be  noted 
that,  in  reality,  the  domains  can  never  be  perfectly 
aligned.  The  distribution  of  polarization  directions 
always  obey  the  certain  axial  distribution,  as  shown  in 
Fig.  3.  The  /,o  o  2)  and  o  o)  are  measured  by  their 
average  values. 

3.1.1.  Case  1 

For  case  1  of  Fig.  2,  the  initial  directions  of  polariza¬ 
tion  in  most  domains  are  parallel  to  the  surface  of  the 
plate  specimen.  If  an  electric  field  is  applied  to  the 
direction  normal  to  the  surface  of  the  plate  specimen, 
the  polarization  reversal  process  will  be  expected  to  be 
following  the  model  in  Fig.  3.  As  the  applied  electric 
field  increases,  the  direction  of  polarization  will  grad¬ 
ually  be  changed.  With  a  sufficiently  strong  electric 
field,  the  polarization  directions  in  the  ceramic  will 
change  their  distribution  direction.  Eventually,  all 
polarization  directions  will  be  lined  up  nearly  parallel 
to  the  plus  direction  shown  at  point  C  via  the  90° 
domain  wall  reversal  process.  The  intriguing  feature  is 
that  in  this  process  only  90°  domain  reorientation  is 


involved  and  no  180  domain  wall  reversal  piuee.ss 
occurs  because  the  initial  direction  of  polarization  is 
perpendicular  to  the  applied  electric  field,  from  ct|ua- 
tions  3  and  4.  one  obtains 

M2  0  0) 

—  /a  " '  ^  ^ (5) 

I  ['■■^0  ]  / 1,|2  ,)  (j| 

where  /ii  +  1/2  =  h  und  iiz  =  fh  =  0.  Equation  5 
means  that  the  diffraction  intensity  ratio  „  u/In  i,  oi 
is  equal  to  the  dilTraction  intensity  ratio  lni[90'] 
/p(o  0  2>/(l  1  [90°]  /p,2  0  0) }  within  the  unit  volume  of  90° 
domain.  In  this  case,  the  number  of  90  ’  domains  per 
unit  volume  is  equal  to  the  number  of  domains  per 
unit  volume  because  only  90  domain  reorientation  is 
involved  in  this  process.  It  should  be  noted  that,  in 
general,  the  number  of  90''  domains  per  unit  volume  is 
not  necessarily  equal  to  the  number  of  domains  per 
unit  volume,  when  considering  the  coexistence  of  both 
90°  and  180  ’  domains.  We  will  explain  this  later.  From 
Equation  5,  the  rate  of  changing  R  as  a  function  of 
electric  field  can  be  expressed  as 

dR  d(K III  [90  ’]  /p(o  0  2)/ l/i  [90  ]  fp(2  »  oi) 

dEo-c  ~  ^ 

where  R  is  the  measured  value  of  the  ratio  /(oo2)/ 
1(2  ooy  dRIdE,  the  rate  of  change  of  /,oo2»/ 
1(2  0  0)  from  point  O  to  point  C  reflects  only  the  feature 
of  90°  domain  wall  reorientation. 


3.1.2.  Case  2 

When  the  intensity  of  the  electric  field  is  decreased 
from  the  point  C  to  point  D,  the  domain  polarization 
turns  back  to  the  nearest  easy  direction  in  favour  of 
lowering  the  internal  energy.  If  the  applied  electric 
field  is  increased  further  in  the  negative  direction  from 
point  D  to  point  F,  the  domain  polarizations  pointing 
in  the  positive  direction  arc  reversed.  This  process 
may  involve  both  the  90”  and  180“  domain  switching 
processes.  Therefore,  from  Equations  2  and  3,  we  have 

KId-,  -  K‘p2i 

M2  0  0) 

_  »1  [90°]  /p(»  0  2)+  <l2[lf^0']  1yl2  IIP)  p. 

J/l  [90  ’]/p(2  0  0) 

where  tii  +  »i2  +  J/i  =  (/2  =  0-  should  be 

noted  that  no  180°  domain  reversal  occurs  in  the 
direction  perpendicular  to  the  applied  field.  Therefore, 
Equation  7  can  be  expressed  as 

^(2  0  0) 

_  „  «l[90°]/p,oO2)  +  "2[>8f^']^>(0  0  2)  ,g, 
"  t/i[90’]/uoo, 

=  ("1  +  !yi)[90']Ka 


{ll)  [90°]  /p(0  0  2)+  »2[1^^  3  ^pio  0  2)} 

</]  [90  1  fpi:  11  iiil'h  -(-</)) 


figure  3  Two-dimensional  representation  of  the  vector  mode! 
showing  the  spatial  distribution  of  domains  at  different  stages  of  the 
polarization  rcvcrsiil. 
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aillracu\c  inlciibilN  pci  uiiil  cuuuiic  ui  vu  uuniaiii, 
whicli  relkcts  the  feature  of  90'  domain  reversal,  ot  is 
also  a  function  of  electric  field  and  dependent  upon  the 
entire  domain  polarization  reversal  process.  Precisely 
speaking,  because  only  the  (/i,  +  ch)  portion  of  90° 
domains  contribute  to  the  diffraction  intensity  of 
R  [or  /|o  0  2)//|2  0  oi]  in  Equation  8,  thus,  the  contribu¬ 
tion  of  90  domains  to  R  in  the  process  from  point 
D  to  point  F  should  not  be  exactly  the  same  as  that  of 
the  intensity  R  in  the  process  from  point  O  to  point  C. 
In  order  to  compare  the  features  of  these  two  domain 
reversal  processes,  we  can  define  the  changing  rate  of 
diffraction  intensity  as  the  same  within  the  unit  vol¬ 
ume  of  90“  domains  with  respect  to  these  two  domain 
switching  processes.  Therefore,  from  Equation  8,  one 
should  have 


(9) 

o-c 

Naturally,  unlike  Equation  6,  Equation  9  describes 
a  pure  90°  domain  wall  reorientation  process.  From 
Equation  9,  it  can  be  found  that  the  changing  rate  of 
R  as  a  function  of  the  electric  field  will  also  be  affected 
by  (n,  -F  Oi).  Obviously,  if  (n,  -I-  tfi)  is  equal  to  1,  the 
polarization  reversal  process  will  be  a  pure  type  of  90° 
domain  reversal  process.  Thus,  Equation  9  should 


dR 

dE 


=  («,  +f/i)[90°]A: 


dc 

df 


dR 

=  (Hi  +  t/i)[90°]  — 


Figure  4  The  XRD  profiles  of  (002)  and  (200)  pcaiss  for  plate  PZT 
samples  of  dilTerenl  oriemalion  of  polarizalion.  (a)  X-ray  intensity 
profile  of  a  poled  ceramic  plate  sample  with  its  normal  direction 
perpendicular  to  the  poling  direction,  (b)  X-ray  intensity  profile  of 
a  poled  ceramic  plate  sample  with  its  normal  direction  parallel  to 
the  poling  direction,  (c)  X-ray  intensity  profile  of  an  impoled  cc- 
ramie  sample. 
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can  be  obtained.  Equation  9  is  an  approximate  expres¬ 
sion  which  is  precisely  valid  only  if  large  amounts  of 
90°  domains  are  involved  in  the  polarization  switching 
processes.  Detailed  discussions  can  be  found  else¬ 
where  [8].  Compared  to  Equations  9  and  6,  it  could  be 
asserted  that  if  90“  domain  wall  reorientation  is  the 
main  process  in  the  polarization  reversal  from  point 
D  to  point  F,  the  changing  rate  of  the  measured  ratio 
dRjdE  would  be  slightly  less  than  those  from  point 
O  to  point  C  according  to  Equation  (9).  In  other 
words,  the  feature  of  domain  reversal  process  from 
point  D  to  point  F  is  most  likely  a  pure  type  of  90° 
domain  reorientation  process.  Conversely,  if  180°  do¬ 
mains  are  predominantly  involving  the  polarization 
reversal  process  from  point  D  to  point  F,  the  meas¬ 
ured  changing  rate,  dRjdF,,  would  be  much  smaller 
than  that  from  point  O  to  point  C  because  (tii  -f  t/i )  is 
small  in  this  case.  Here,  we  assume  the  internal  energy 
slates  at  points  O  and  D  to  be  the  same.  This  assump¬ 
tion  means  that  the  polarization  distributions  of  cer¬ 
amics  are  the  same  at  both  points  O  and  D,  which  is 
almost  fulfilled  in  reality.  In  short.  Equation  9  could 
be  used  as  the  criterion  for  qualitatively  evaluating  the 
characteristics  of  the  dynamic  behaviour  of  domain 
reorientation  processes  in  ceramics  in  terms  of  X-ray 
analysis  techniques. 


3.2.  Results  and  conclusions 
In  practice,  in  order  to  sort  out  the  mechanisms  of 
domain  reorientation  in  the  ceramic  specimens,  we 
have  to  examine  both  the  dependence  of  Ukki)  3® 
a  function  of  applied  electric  fields  and  the  changing 
rate  of  /,o  o  nlhi  o  o  as  a  function  of  the  applied  electric 
field  (or  d{/,oo2)//(2oo>}/d£)  in  some  details.  Fig.  4 
shows  the  XRD  profiles  of  (002)  and  (200)  peaks  for 
plate  PZT  samples  in  the  case  of  different  polarization 
orientations.lt  can  be  seen  from  Fig.  4a  that  when  the 
normal  direction  of  the  plate  is  perpendicular  to  the 
polarization  direction,  the  (200)  peak  is  much  higher 
than  the  (002)  peak  of  the  sample.  Conversely,  for 
samples  with  the  normal  direction  of  the  plate  parallel 
to  the  poling  direction,  as  shown  in  Fig.  4b,  the  (002) 
peak  is  much  higher  than  (200)  peak.  Fig.  4c  is  the 
case  of  an  unpoled  sample.  Because  no  preferred  ori¬ 
entation  exists,  the  intensity  of  the  (200)  peak  is  about 
twice  that  of  the  (00  2)  peak.  Fig.  5  presents  the  ratio 
/,o  0  2)1 1 [2  0  0)  as  a  function  of  the  applied  electric  field 
in  case  11  of  Fig.  2.  In  Fig.  5,  the  magnitude  of  the 
applied  electric  field  at  points  D  and  D  are  almost 
exactly  equal  to  the  coercive  fields  of  the  P-E  (polar¬ 
ization-electric  field)  hysteresis  loop  and  S-E 
(strain-electric  field)  hysteresis  loop  measured  at  ultra- 
low  frequency.  Because  the  ratio  /(oo2)//(2oo)  repres¬ 
ents  the  characteristics  of  90°  domain  reversal,  it 
indicates  that  the  coercive  field  of  polarization  switch¬ 
ing  is  closely  related  to  the  90°  domain  reversal  in  this 
ceramic  sample.  Fig.  6  presents  the  ratio  of 
1)0  0  2)11(2  0  0)  as  a  function  of  the  applied  electric  field 
from  point  O  to  point  D'  for  Case  I  of  Fig.  2.  As 
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Electric  field  (100  V  cm  ') 


Figures  The  ratio  of 
electric  field  for  Case  II  of  Fig.  2. 


figured  The  ratio  of  /,„„j,//„oo,  as  a  function  of  the  applied 
electric  field  for  Case  I  of  Fig.  2. 


discussed  above,  from  point  O  to  point  C,  the  domain 
reorientation  is  a  pure  90°  domain  type.  If  polariza¬ 
tion  reorientations  involving  both  the  180°  and  90° 
domain  reversal  processes  from  point  D  to  point  F, 
then  the  slopes  of  /(o  o  o  oi  as  a  function  of  electric 
fields  from  point  D  to  point  F  should  be  substantially 
smaller  than  those  from  point  O  to  point  C.  The  slopes 
of  dR/d£  in  Fig.  6  are  listed  in  Table  I,  from  which  it 
can  be  clearly  found  that  there  is  no  substantial  differ¬ 
ence  in  the  absolute  values  of  the  slopes  between  the 


TABLE  I  Changing  rale  of  1,„„  „,7,.  "hh  arrhal  clcclric  held 
for  Ihc  cases  In  Fig.  (' 


Lines 

Slopes 

O-B 

(0.95  ±  0.2)  X  10‘  ^  (UK)  Vein"  ')'  ' 

B-C 

(4.2  ±  0.3)  X  It)' MU)0  Vein  ')  ' 

D-E 

(l.l  +  0.2)x  10^^  (UK)  Vein  ')  ' 

E-F 

(3.2  ±  0.3)x  U)"’  (100  Vein" ')  ' 

0-B  line  and  the  D-E  line  or  between  the  13 -C  line 
and  the  E-F  line.  This  argument  strongly  suggests 
that  the  entire  polarization  reorientation  process  from 
point  O  to  point  F  is  predominantly  controlled  by  the 
90°  domain  reversal  process.  In  other  words,  Equation 
9  could  be  approximately  satisfied  by  the  experimental 
data.  The  estimated  value  (n,  +  </i)  is  around  0.7-0.8 
from  comparing  the  slopes  between  the  line  U-C  and 
the  line  E-F  in  Table  I.  This  result  indicates  that  m 
PZT  ceramics,  80%  domains  within  total  reversal 
domains  arc  90°  domains.  Therefore,  it  can  be  con¬ 
cluded  that  the  90°  domain  reorientation  plays  a  ma¬ 
jor  role  in  terms  of  the  polarization  switching  in  the 
PZT  bulk  ceramic  with  the  composition  within  the 
morphotropic  phase  boundary. 
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Modified  Lumped  Parameter  Method  for  Measurements 
of  Dielectric  Susceptibility  in  Ferroelectrics 
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(Ri'coivod  Eobniarv  21,  1903;  accepted  for  publication  August  21,  1993) 

The  transmission  techniques  for  dielectric  measurements  can  be  classified  into  two  categories;  one  belongs  to 
the  lumped  capacitance  method  and  the  other  is  related  to  the  distributed  parameter  method.  In  reality,  however, 
the  dielectric  dispersion  for  high  dielectric  constant  materials  in  the  frequency  range  1  MHz-5  GHz  could  not  be 
made  accurately  by  using  the  transmission  techniques.  In  this  work,  a  modified  lumped  parameter  method  has 
been  discussed.  We  call  this  modified  method  as  the  quasi  lumped  parameter  method  which  is  especially  suitable 
for  the  microwave  measurements  of  dielectric  dispersion  for  high  dielectric  materials  in  a  particular  frequency 
region.  The  proposed  method  condtines  some  features  of  both  the  lumped  parameter  method  and  the  distributed 
parameter  method.  By  using  this  measurement  method,  the  measurements  of  dielectric  dispersions  are  presented 
for  several  ferroelectric  materals,  such  as  Pb(Zri_jTir)03,  and  BaTiOs  in  the  frequency  domain  from  1  MHz  to 
1  GHz. 

KEYWORDS:  dielectric  dispersion,  microwave  measurement 


1.  Introduction 

Dielectric  dispersions  of  materials  with  high  suscepti¬ 
bility  are  of  great  importance  in  many  applications.  Par¬ 
ticularly,  dielectric  dispersion  in  ferroelectric  materials 
has  been  measured  and  discussed  by  many  authors. 

In  practice,  however,  it  is  often  hard  to  make  an  acur- 
rate  measurement  of  relative  dielectric  constant  (e)  and 
loss  tangent  (tan  6)  in  ferroelectric  materials  at  micro- 
wave  frequencies  because  of  the  large  dielectric  con¬ 
stant  and  loss  tangents  exhibited  by  these  materials. 

Generally,  microwave  measurement  techniques  for 
dielectrics  are  mainly  divided  into  two  sections,  (l)  the 
transmission  techniques,  and  (2)  the  resonant  tech¬ 
niques,  among  which  only  the  transmission  techniques 
have  the  swept  frequency  capability.  In  other  words, 
the  dielectric  dispersion  can  only  be  accurately  meas¬ 
ured  through  the  transmission  methods.  Meanwhile, 
the  transmission  techniques  for  microwave  measure¬ 
ments  on  dielectric  samples  can  be  also  classified  into 
two  categories.  One  is  the  lumijcd  capacitance  method 
and  the  other  is  the  distributed  ])aramcter  method. 
Nevertheless,  in  practice,  the  microwave  measure¬ 
ments  for  high  dielectric  materials  in  the  frequency 
range  100  MHz-5  GHz  can  not  be  made  accurately  by 
either  of  these  two  methods,  even  though  the  micro- 
wave  equipments  have  been  improved  significantly  in 
the  past  few  decades. 

2.  Lumped  Capacitance  Methods 

Basically  a  dielectric  sample  is  considered  as  tv  capeaci- 
tor  in  the  language  of  the  equivalent  circuit  in  the 
lumped  capacitance  method.  The  dielectric  sample  is 
placed  on  the  end  of  a  shorted  coaxial  line  and  the  com¬ 
plex  reflection  coeflicient  was  measured  by  the  time 
domain  rcflectometer  through  the  vector-voltage  ratio 
of  the  reflected  wave  to  the  incident  wave  from  the 
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Ilalle/Saale,  Germany. 


sample^"'®’ 

r=^=r,+jT„=ir|e->®  (i) 

y  inc 

where  Kef  is  the  voltage  of  the  reflected  wave  and  Knc 
represents  the  voltage  of  the  incident  wave.  The  com¬ 
plex  reflection  coefficient  is  a  function  of  the  complex 
permittivity,  and  thus,  the  real  and  imaginary  parts  of 
the  relative  permittivity  can  be  expressed  as^'"’ 

_ 2|r|  sin  0 _ 

^  ~utC„z„{\ri‘+2\r\ cose+i) 


ufCoZ„{|rp+2ir|  cos^+i} 

where  Co  is  the  capacitance  of  the  test  capacitor  and  Zo 
is  the  characteristic  impedance  of  the  network  analyz¬ 
er.  The  basic  assumption  for  the  lumped  capacitance 
method  is  that  the  electric  field  is  uniform  throughout 
the  sample.  In  other  words,  this  means  that  the  meas¬ 
ured  reflection  coefficient  is  equal  to  the  intrinsic  reflec¬ 
tion  coefficient  of  samples,  which  is  caused  by  the 
complex  permittivity  of  the  sample.  If  this  basic  re¬ 
quirement  could  not  be  satisfied,  the  accurate  results 
would  not  be  obtained  by  using  the  lumped  capacitance 
method. 

At  higher  frequencies,  the  lumped  capacitance 
method  breaks  down  in  several  respects:  (l)  the  meas¬ 
ured  capacitance  of  the  sample  cannot  be  simply 
related  to  the  real  dielectric  constant  of  the  sample  be¬ 
cause  of  the  non-uniform  variation  of  the  electric  field 
throughout  the  sample.  In  this  sense,  due  to  the  wave 
compression,  the  basic  assumption  for  the  lumped  im¬ 
pedance  technique  loses  validity  at  the  high  frequency 
with  respect  to  high  dielectric  constant  materials.  It  is, 
therefore,  required  that  the  thickness  of  the  sample 
should  be  around  the  order  of  a  few  percent  of  a 
wavelength  at  the  highest  frequency  of  interest  in  or¬ 
der  to  obtain  rather  accurate  experimental  data.  If  the 
material  has  a  dielectric  constant  at  about  1000  at  the 
frequency  of  1  GHz,  the  corresponding  thickness  of  the 
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sample  should  be  of  the  order  of  100  pm.  The  other 
dimensions  of  specimens  should  also  bo  much  less  than 
the  wavelength  of  light;  (2)  the  fringe  field  effects 
and  the  inability  of  the  measurement  equipment  also 
affect  the  accuracy  of  measured  exiicriinental  data  se¬ 
verely.  At  high  frequencies,  usually,  the  fringing  fields 
are  no  longer  negligible,  thus,  in  sonic  eciuiinnent,  the 
niaxiinuin  readable  capacitance  value  within  5%  accuia- 
cy  is  limited  at  higher  frequencies.  The  samples  of 
smaller  cross  section  decreases  the  fringe  field, 
however,  the  sample  rnachining  becomes  difficult.  On 
the  other  hand,  it  is  well  known  that  the  distributed 
transmission  method  does  not  require  the  uniform  field 
assumption.  In  this  method,  however,  the  wave  guide 
is  the  primary  medium  of  microwave  propagation.  If 
the  cutoff  frequency  is  around  300  MHz,  the  wave 
guide  dimensions  should  be  around  the  order  of  0.5  m, 
which  is  apparently  not  reasonable  in  practical  cases. 

3.  The  Principle  of  the  Proposed  Method 

From  above  discussions,  we  find  that  at  the  high  fre¬ 
quency,  due  to  the  influence  of  fringing  fields  and  the 
difficulty  of  sample  machining,  it  is  difficult  to  satisfy 
the  requirement  of  the  critical  thickness  which  is  im¬ 
posed  by  the  assumption  of  the  lumped  impedance  tech¬ 
nique.  In  other  words,  since  the  electric  field  is  no  long¬ 
er  uniform  in  the  sample  at  the  high  frequency,  and 
then  the  lumped  capacitance  method  can  not  be  used 
because  the  sample  could  not  be  considered  as  a  capaci¬ 
tor  in  this  case. 

The  question,  therefore,  arises  as  to  whether  or  not 
the  lumped  impedance  method  can  be  modified  in  order 
to  extend  the  scope  of  its  applications.  Virtually,  in  the 
high  frequency  region,  the  dimension  of  the  sample 
does  not  fulfill  the  critical  requirement  of  the  sample 
dimension  in  terms  of  the  basic  assumption  of  the 
lumped  parameter  method.  Therefore,  the  measured 
reflection  coefficient  is  not  exactly  equal  to  the  intrinsic 
reflection  coefficient  of  the  sample.  Obviously,  in  this 
situation,  the  measured  reflection  coefficient  is  not 
solely  related  to  the  complex  permittivity,  which  is  also 
affected  by  the  losses  and  the  phase  shift  of  the  measur¬ 
ing  signal  during  the  electromagnetic  wave  passing 
through  the  sample. 

In  order  to  overcome  these  difficulties  and  to  obtain 
accurate  dielectric  dispersion,  we  have  to  describe  the 
measurement  situation  accurately,  and  to  make  the 
measurement  practical.  We  here  consider  the  meas- 
ured  sample  as  a  “quasi-transmission”  line  since  the 
sample  could  not  be  simply  considered  as  a  capacitor  m 
this  case.  We  assume  that  the  measured  sample  is 
equal  to  a  capacitor  plus  a  two  port  network.  The  two- 
port  network  here  is  a  black  box.  However,  we  can  ob¬ 
tain  some  necessary  information  about  this  two-port 
network  by  using  the  theory  of  the  distributed  method. 
We  will  discuss  this  later. 

Precisely  speaking,  in  this  situation,  we  try  to  visual¬ 
ize  the  measured  sample  comprising  of  two  parts,  as 
shown  in  Fig.  1.  Part  I  is  a  very  thin  layer,  which  is  thin 
enough  to  be  equivalent  to  an  ideal  lumped  capacitance 
system.  The  reflection  coefficient  of  this  part 


FiR  1  (a)  Scliciiiatic  drawing  of  tlw  sample  imaged  as  llio  two 

parts  of  a  "lossy  quasi-lumped  Irausmissiou  line",  (b)  Equivalent 
circuit  of  the  real  sample,  (c)  Terminated  two-port  network  with 
tl.P  i’..  uaramelers  to  describe  the  nature  of  the  measured  sample. 


represents  the  intrinsic  properties  of  the  measured 
material.  Part  II  is  the  rest  of  the  sample  (the 
shadowed  area),  which  is  a  “lossy  transmission  line  or 
a  distributed  component,  and  could  be  described  ^  a 
simple  two-port  network,  as  shown  in  Fig.  1(c).  The 
equivalent  circuits  of  the  specimen  arc  also  shown  in 
Figs.  1(b)  and  l(c).  According  to  this  equivalent  cir¬ 
cuit,  the  relationship  between  the  measured  reflection 
coefficient  and  intrinsic  reflection  coefficient  can  be  ex¬ 
pressed  as'^* 


In  reality,  if  the  thickness  of  the  measured  samples 
does  not  fulfill  the  critical  requirement  of  lumped 
parameter  method,  we  have  to  consider  that  the  part 
exists  in  the  measured  sample,  which  will  cause  attenu¬ 
ation  of  the  signal  amplitude  and  the  phase  shift  of  the 
measured  signal  when  the  measured  signal  goes 
through  the  sample.  Therefore,  with  the  help  of  cq.  (4), 
intrinsic  reflection  coefficients  of  the  sample  can  be 
retrieved  and  obtained  from  the  measured  reflection 
coefficient  provided  the  S,j  parameters  are  known. 
More  precisely,  if  we  can  obtain  the  S’n  and  iji  bom 
the  theoretical  calculation  based  on  the  theory  of  dis- 
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parainct('rs  to  trim  the  measured  roilection  coefficient 
r,„,  and  then  get  the  rcllectioii  coefficient  Fs  of  tlie  in¬ 


trinsic  sam|)le. 

In  a  simplified  case  (here  we  assume  Sn—S^i, 
Sr2  =  S-2\).  according  to  the  theory  of  the  distributed 
parameter  method,''  ''"  Sn  and  S12  can  bo  expressed  in 
terms  of  the  sum  of  reflected  and  transmitted  waves 
and  can  l)e  numerically  evaluated  Iry'" 


_  -exp  (-27L) 

"  ^  1  — exp  (  — 27L) 

[1  -p'^]  exp  (-27L) 
1— p'a^xp  (  — 27L) 


L  is  the  thickness  of  measured  sample,  and  £*  is  the  rela¬ 
tive  complex  permittivity.  Figure  2  presents  the  theo¬ 
retical  calculations  of  5n  and  Su  as  a  function  of  fre- 


cpiencies. 

On  the  one  hand,  according  to  eqs.  (5)  and  (C),  it  is 
very  obvious  that  when  the  measuring  frequency  is 
very  low,  6'n  approaches  to  zero  and  Sn  is  equal  to  1. 
Thus,  from  eq.  (4),  F,,,  is  equal  to  Fs  in  this  case.  This  is 
the  exact  case  in  which  an  ideal  lumped  parameter 
method  is  valid  and  the  measured  sample  is  a  capacitor 
in  this  situation. 

On  the  other  hand,  as  discussed  above,  if  the  meas¬ 
ured  frequency  becomes  very  high  in  the  real  measure¬ 
ments,  F„  will  be  strongly  affected  by  the  electromag¬ 
netic  wave  absor])tion  and  phase  shift  inside  the  part  II 
of  the  sample.  However,  in  principle,  as  long  as  the 
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Fig.  2.  Theoretical  calculations  of  the  real  and  imaginary  parts  of 
the  5,j  parameters  v.s  frequency,  (a)  Theoretical  calculated  real  and 
imaginary  magnitudes  of  Sn-  (b)  The  S,,  vs  frequency  in  the  range 
1  Ilz-1  GHz. 


there  is  such  a  case  in 


which  this  influence  can  be  consid¬ 


ered  as  a  small  perttirbation  term  in  terms  of  F^  (this 
condition  can  be  easily  fulfilled  in  practice).  Therefore, 
we  can  obtain  the  intrinsic  rcllection  coefficient  of  the 


sample  (Fj  by  retrieving  the  measured  reflection 
coefficients  (F.„)  from  eq.  (4)  through  the  numerically 
evaluating  parameters  based  on  eqs.  (5)  and  (G)  in  an 


iterative  process. 

Finally,  the  complex  dielectric  dispersion 
{£*—£'—j£")  can  be  obtained  from  the  intrinsic  reflec¬ 
tion  coefficient  of  the  sample  Fs  by 


(1-Fs) 

{(l+Fs)27rj/C„Zo} 


(7) 


where  Zi,  is  the  characteristic  impedance  of  the  im¬ 
pedance  analyzer  Cii=ena/d. 

The  real  retrieving  procedure  of  an  iterative  process 
can  be  carried  out  by  following  steps;  (a)  initially  we  as¬ 
sumed  F„,  =  Fs,  5i2  =  <S'2i  =  1,  and  S'ii=522  =  0  at  the 
lowest  measuring  frequency,  i.e.,  the  lumped 
parameter  method  is  valid  in  this  case;  (b)  and  then  we 
use  the  measured  dielectric  coefficients  of  every  preced¬ 


ing  frequency  spot  to  evaluate  S,j  parameters  according 
to  eqs.  (5)  and  (C);  (c)  thus  we  can  retrieve  the  complex 
reflection  coefficient  of  next  neighbor  higher  frequency 
spot  through  eq.  (4);  (d)  finally,  we  can  obtain  the  fre¬ 
quency  dependence  of  complex  dielectric  constants 
from  eq.  (7). 


4.  Measurement  Results  and  Discussions 

Pb(Zr^Tii-x)0.i,  BaTiOs  and  Ba(,,5Sr(i,,5Ti03  ceramics 
were  prepared  by  the  conventional  mixed-oxide  proc¬ 
ess.  The  samples  were  cut  to  approximately  the  plate 
shape.  Their  dimensions  were  much  smaller  than  the 
wavelength  of  light.  Before  making  the  electrodes,  the 
surfaces  of  specimens  were  polished,  etched  and  an¬ 
nealed  in  order  to  keep  the  contributions  of  surface 
layer  low.  The  complex  reflection  coefficient  of  the  sam¬ 
ple  was  recorded  with  HP  4191A  impedance  analyzer, 
with  a  test  frequency  range  from  1  MHz  to  1  GHz.  The 
frequency  dependence  of  dielectric  constants  and  their 
losses  for  PZT  ceramics  are  shown  in  Fig.  3.  These 


Fig.  3.  Dielectric  constants  and  losses  (i.e.,  e'  and  tan  ^)  vs  freqiicn- 
cics  in  the  PZT  system. 
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results  are  similar  to  those  of  previous  investigations. 
From  our  results,  however,  it  can  be  found  that  the 
minimum  relaxation  frequency  (or  the  resonance  fre¬ 
quency  of  domain  wall  motions)  occurs  in  the  cciamic 
with  the  composition  near  the  morphotropic  phase 
boundary.  These  experimental  data  arc  useful  for  es¬ 
timating  the  effective  mass  of  domain  wall  motions.'' 

Figure  4  shows  the  dielectric  dispersions  of  both 
poled  and  unpoled  PZT  ceramic  samples.  The  observed 
piezoelectric  resonance  peaks  due  to  the  sample  dimen¬ 
sion  at  very  high  frequency  (around  100  MHz)  indi¬ 
rectly  implies  the  measured  data  arc  reliable.  The  di¬ 
electric  dispersion  in  PZT,  BaTiOj  and  Bao.sSro.oTiOj 
have  been  presented  in  Figs.  (5)  and  (C).  It  can  be  found 
that  there  is  no  appreciable  relaxation  in  the  dielectric 
dispersion  of  Bap.sSro.sTiOa  within  ineasuied  fiequcncy 
span,  which  is  mainly  consistent  with  previous  stud¬ 
ies. It  should  be  noted  that  since  the  S.j  parameter 
was  estimated  by  the  initially  assumed  dielectric  con¬ 
stants,  and  the  measurement  instruments  have  some 
limitations,  the  measurement  error  is  still  rather  sig¬ 
nificant  regarding  materials  with  ultra  low  loss  tan¬ 
gents.  In  fact,  at  the  frequency  of  1  GHz,  the  measured 
dielectric  losses  (0.017-0.04)  are  almost  one  order  of 
magnitude  larger  than  the  true  values.  '  Figure  7 
presents  a  Cole-Cole  plot  of  the  complex  dielectric  con¬ 
stants  of  the  PZT  system. 

In  summary,  in  the  present  work,  a  modified  lumped 


Fig.  4.  The  dielectric  dispersions  (including  e'  and  tan  6)  of  both 
the  poled  and  unpoled  PZT  ceramics. 


Fig.  0.  The  ilielectric  dispersions  (including  e'  and  tan  h)  of  tin'  soft 
PZT,  hard  PZT,  and  Ba„,,Sr„.,,TiO:,  .'.■rainii  s. 
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Fig.  7.  Cole-Cole  plot  of  the  complex  dielectric  constants  of  PZl 
ceramics  witli  diirorciil  Ti  concentration. 


parameter  method  has  Imen  proposed  and  devidoped, 
which  is  especially  suitalde  for  microwave  measure¬ 
ments  of  high  dielectric  materials  in  the  fretiuency 
region  1  MHz-2  GHz.  It  combines  some  of  the  features 
of  both  the  lumped  parameter  method  and  the  distribut¬ 
ed  parameter  method.  The  experimental  results  very 
well  agree  with  the  general  trend  of  other  experimental 
observations  from  other  measurement  techniques. 

This  proposed  measurement  technique  seems  to  be 
very  simple,  however,  it  has  successfully  solved  a  meas¬ 
urement  problem  which  has  not  been  solved  for  last 
few  decades,  which  provides  a  unique  way  to  accurately 
study  the  dielectric  dispersion  of  materials  within  the 
frequency  region  1  MHz-2  GHz. 
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Modified  Lead  Calcium  Titanate  Ceramics  with  a  Relatively  Large 
Dielectric  Constant  for  Hydrophone  Applications 

Louis  M.  Troilo,*  *  Dragan  Damjanovic/  and  Robert  E.  Newnham* 
Materials  Research  Laboriitory,  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 


Modified  lead  titanate  of  the  base  composition  (Pb,Ca)Ti- 
(Co.WlOj  +  0.01  mol%  MnO  was  doped  with  2  to  6  mol% 
strontium  and  barium  to  increase  the  dieiectric  constant,  K, 
while  preserving  a  high  piezoelectric  anisotropy  (d^dn).K 
was  increased  above  500  and  a  dj^d^  ratio  of  34/1  was 
achieved  when  the  composition  Pbo.<sCaoj|Sr,MTi,M- 
(CojjWojIooeOj  +  0.01  mol%  MnO  was  fabricated.  The 
large  d^Jda  resulted  in  an  impressive  hydrostatic  piezoelec¬ 
tric  coefficient  (4^  =  81  X  10"*'  m'/V).  The  relatively  low 
transition  temperature  =  120°C)  did  not  result  in  an 
increased  aging  rate  when  samples  were  tested  at  40°C  and 
99%  humidity  for  120  h  after  poling.  A  small  tetragonality 
ratio  (1.008)  enabled  saturation  of  ceramic  properties  at 
poling  fields  as  low  as  30  kV/cm  at  lOO^C. 

I.  Introduction 

MODIHED  lead  calcium  titanates  are  of  considerable  interest 
because  of  their  highly  anisotropic  piezoelectric  projjer- 
ties.  The  large  longitudinal  piezoelectric  coefficient  and 
small  transverse  coefficient  d,,  result  in  reduced  coupling 
between  thickness  and  lateral  vibrational  modes  and  decreased 
cross  talk  between  adjacent  elements  in  an  array  transducer.  As 
a  result,  lead  titanate-based  ceramics  have  been  examined  for 
use  in  low-frequency  hydrophone  applications.'  At  sufficiently 
low  frequencies,  the  wavelengths  of  acoustic  waves  underwater 
are  much  larger  than  the  dimensions  of  the  hydrophone,  and  the 
effective  stress  may  be  considered  hydrostatic.  The  correspond¬ 
ing  piezoelectric  (or  charge)  coefficient,  d^,  is  given  by 

dh  =  dj}  +  2dy,  (1) 

Most  piezoelectric  ceramics,  such  as  lead  zirconate  titanate 
(PZT),  have  d„  >  0,  dj,  <  0,  and  a  low  anisotropy  of  piezoelec¬ 
tric  properties  (d„  «  2d3i).  Therefore,  the  resulting  hydrostatic 
coefficient  is  very  low.  However,  in  modified  lead  titanate 
ceramics,  even  though  d„  is  several  times  smaller  than  in  most 
PZT  compositions,  a  very  small  or  even  positive  dj,'  gives  a 
large  d^. 

In  addition,  modified  lead  titanates  exhibit  dielectric  con¬ 
stant,  K,  values  much  lower  than  most  PZT  materials.  This  is 
necessary  for  achieving  a  large  value  in  voltage  sensitivity,  an 
important  property  for  evaluating  materials  for  sonar  applica¬ 
tions.  Voltage  sensitivity,  g^,  is  defined  as 
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where  £„  is  the  dielectric  permittivity  of  free  space.  However, 
too  small  of  a  A  value  is  not  preferred  from  a  device  viewpoint. 
The  capacitance  of  the  device  should  be  large  enough  to  prevent 
interference  from  stray  capacitance  associated  with  long 
hydrophone  cables  as  well  as  provide  acceptable  impedance 
matching.  The  relatively  small  K  value  in  modified  lead  titanate 
ceramics  has  been  an  important  disadvantage  for  low-frequency 
hydrophone  applications  and  is  the  impetus  for  increasing  K  in 
this  investigation. 

It  was  demonstrated  that  K  values  above  400  can  be  achieved 
by  doping  lead  titanate  with  a  high  concentration  of  calcium  (up 
to  34  mol%).*  The  increase  in  K  was  mainly  accomplished  by 
bringing  the  paraelectric-to-ferroelectric  transition  temperature 
(7^  =  120°)  closer  to  room  temperature.  Further  increases  in 
calcium  concentration  led  to  a  significantly  lower  piezoelectric 
anisotropy.  Compositions  with  such  a  low  7^  might  have  been 
expected  to  exhibit  higher  dielectric  losses  and  considerable 
aging  due  to  high  mobility  of  domain  walls  at  temperatures 
approaching  7^.  However,  no  studies  on  aging  of  modified  lead 
titanate  with  low  T,  have  been  reported  to  date.  Therefore,  the 
goals  of  this  investigation  are  to  examine  possible  composi¬ 
tional  modifications  of  modified  lead  titanate  ceramics  which 
would  increase  their  dielectric  constant  above  previously 
reported  values  of  400  while  preserving  the  high  anisotropy  of 
piezoelectric  properties,  and  to  investigate  the  aging  of  pre¬ 
pared  ceramics  under  conditions  of  high  humidity  and 
increased  temperature. 

II.  Experimental  Procedure 
(I)  Choice  of  Materials 

The  ternary  system  (1  -  x  -  y)PbTi03-yPb(CO|,2W,/2)0,- 
xCaTiOj  was  chosen  as  the  starting  material  for  this  investi¬ 
gation.  Previous  studies  showed  that  the  dielectric  constant  in 
this  system  increased  with  x,  but  the  piezoelectric  anisotropy 
decreased  abruptly  forx  ^  0.36.' 

Lead  titanate  (PbTi03)  is  a  typical  perovskite  ferroelectric 
with  7^  =  490°C.  Additions  of  antiferroelectric  Pb(CO|/2- 
Wj/jjOy  and  nonferroelectric  calcium  titanate  (CaTi03) 
decrease  the  transition  temperature  of  lead  titanate  and,  thus, 
effectively  increase  its  K  value  at  room  temperature.  To 
increase  the  dielectric  constant  without  increasing  the  concen¬ 
tration  of  calcium,  which  is  detrimental  to  piezoelectric  proper¬ 
ties,  the  above  system  was  further  modified  with  strontium 
titanate  (SrTiO,)  and  barium  titanate  (BaTi03).  Barium  titanate 
is  fenoelectric  at  room  temperature,  and  strontium  titanate  is  an 
incipient  ferroelectric  with  its  dielectric  permittivity  following 
Curie-Weiss  behavior  below  room  temperature.  It  is  reasonable 
to  expect  that  even  small  additions  in  place  of  calcium  of  those 
two  cations  which  support  occurrence  of  ferroelectricity  will 
increase  K  of  the  solid  solution  without  significantly  affecting 
the  high  piezoelectric  anisotropy.  Thus,  in  the  present  work,  the 
above  system  was  modified  as  follows: 
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(I  -  X  -  )>)PbTi03  >>Pb(Co,;2W|;2)Oj  (jr  -  z)CaTi03  zMeTi05 

where  Me  is  Sr  or  Ba.  Values  for  x  and  y  are  set  at  jr  =  0.35  and 
y  =  0.06,  while  z  is  varied  from  0.02  to  0.06.  Therefore,  the 
general  formula  of  the  prepared  composition  is 

P^5o.65C^^.35-7M^2Tio  94(CO(|  jWq  5  )o  0^03 


(2)  Sample  Preparation 

The  mixed,  high-purity  oxides  (Alpha  Products,  Morton  Thi- 
okol,  Inc.,  Danvers,  MA)  were  milled  for  24  h  using  a  zirconia 
media.  To  decrease  the  dissipation  factor,  approximately  0.01 
mol%  of  MnO  was  added  to  the  mixture  before  milling.  The 
Mn^'^  ion,  which  substitutes  into  the  B  position  of  ABO3  perov- 
skite  structure,'*  also  raises  electrical  resistivity  and,  thus,  facili¬ 
tates  in  poling  of  the  sample. 

The  postmilled  mixture  was  dried  at  80°C  and  calcined  for 
2  h  at  950‘’C.  To  ensure  formation  of  the  perovskite  structure,  a 
diffraction  pattern  was  taken  of  the  calcined  powder  using  a  dif¬ 
fractometer  (Model  Pad-V,  Scintag,  Santa  Clara,  CA).  The  dif¬ 
fraction  pattern  showed  no  zirconia  impurities  which  could 
have  resulted  from  the  long  milling  step. 

The  calcined  powder  was  crushed  and  put  through  a  150-p.m 
sieve.  The  powder  was  then  mixed  with  3  to  4  wt%  binder 
(52{X),  DuPont,  Wilmington,  DE)  and  pressed  under  a  pressure 
ofl  X  10*N/m^(l(X)  MPa)  into  green  disks  with  a  diameter  of 
1.9  cm.  All  samples  were  fired  on  a  platinum  sheet  in  a  closed 
alumina  crucible  at  1100°C  for  20  h.  In  anticipation  of  lead 
evaporation  during  the  calcination  and  sintering  steps,  an  extra 
2  mol%  PbO  was  added  to  the  initial  composition.  A  radial 
shrinkage  of  15%  occurred  during  sintering,  and  all  samples 
showed  a  dark-gray  appearance  with  an  average  density  of  6.61 
g/cm’  (94%  of  theoretical).  Theoretical  density  (pr  =  7.03 
^cm’)  was  calculated  from  the  equation. 


(3) 


where  Z  is  the  number  of  molecules  in  a  unit  cell  (one  for  perov- 
skites).  No  the  Avogadro  number  (6.02  X  10”  atoms/mol),  M 
the  composition  weight,  and  a  and  c  the  lattice  constants  calcu¬ 
lated  from  the  plane  spacing  equation  for  a  tetragonal  system. 

After  the  disks  were  polished  with  0.3-p.m  alumina,  gold 
electrodes  were  sputtered  on  each  face.  Samples  were  then 
poled  in  heated  silicone  oil  (100°C)  at  fields  ranging  from  10  to 
60  kV/cm  for  10  min.  Because  samples  poled  relatively  easily, 
it  was  not  necessary  to  pole  while  cooling  through  T^. 


(3 )  Piezoelectric  and  Dielectric  Measurements 

The  longitudinal  piezoelectric  coefficient,  was  measured 
quasistatically  using  a  Berlincourt  c/33  meter  (Channel  Products, 
Inc.,  Chagrin  Falls,  OH).  The  driving  frequency  was  around 
150  Hz.  Transverse  piezoelectric  coefficients,  d-^,  and  elastic 
constants  were  calculated  using  a  modified  resonance  tech¬ 
nique.’  Impedance  measurements  were  made  using  an  imped¬ 
ance  analyzer  (Model  HP  4192,  Hewlett-Packard,  Palo  Alto, 
CA).  K  was  calculated  from  the  capacitance  of  a  sample  which 
was  measured  with  an  LCR  meter  at  frequencies  ranging  from 
100  Hz  to  100  kHz  (Model  HP  4274A,  Hewlett-Packard).  To 
determine  7^,  temperature-dependent  capacitance  measure¬ 
ments  were  made  as  samples  were  cooled  from  200°  to  —  50  C 
at  -3°C/min.  Dissipation  factor  and  capacitance  were  also 
measured  as  a  function  of  frequency  (100  Hz  to  100  kHz)  at 
room  temperature. 

The  hydrostatic  charge  coefficient,  dt,,  was  measured  by 
applying  a  hydrostatic  pressure  to  the  sample,  thus  producing  a 
charge  in  the  poled  direction.  A  hydraulic  oil  bath  was  used  as  a 
sonic  medium  for  transmission  of  pressure  at  200  Hz.  The 
source  of  the  sound  wave  was  either  a  speaker  or  a  piezoelectric 
multilayer  actuator.  Two  PZT  standards  were  positioned  on 
adjacent  sides  of  the  measured  sample  to  ensure  accurate  mea¬ 
surements.  The  equation  determining  the  hydrostatic  coefficient 
is  given  by 


D  =  j  =  d^P  (4) 

where  D  is  the  electric  displacement,  Q  the  charge,  A  the  area  of 
the  sample,  and  P  the  pressure.  The  charge  produced  by  the 
sample  and  standards  was  converted  via  a  charge  amplifier  into 
voltages,  K  and  K,,  respectively,  and  was  measured  using  a 
spectrum  analyzer  (Model  HP  3585B,  Hewlett-Packard). 
Because  the  hydrostatic  charge  coefficient  of  the  standard, 
was  known,  the  hydrostatic  charge  of  the  sample,  4,  was  calcu¬ 
lated  using  the  relationship  derived  from  Eq.  (4): 


where  A,  and  A„  are  the  electrode  areas  of  the  sample  and  stan¬ 
dard,  respectively.  </„  was  also  calculated  using  Eq.  ( 1 )  and  mea¬ 
sured  values  for  d^,  and  d„ .  The  measured  and  calculated  values 
agreed  well. 


III.  Results  and  Discussion 

(1 )  Piezoelectric  and  Dielectric  Properties 

Table  I  summarizes  the  average  results  of  dielectric  and 
piezoelectric  measurements  taken  on  five  samples  of  each  com¬ 
position.  As  stated  previously,  a  goal  of  this  work  was  to 
increase  K  from  the  current  values  reported  for  similar  materials 
(up  to  4(X))  to  the  500  range.  Permittivity  is  within  that  range  for 
strontium-doped  samples  but  significantly  lower  for  barium- 
doped  samples.  Lower  permittivity  in  addition  to  higher  tan  8 
values  associated  with  barium-doped  samples  are  limiting  fac¬ 
tors  for  their  use  in  hydrophone  applications. 

A  microstructural  evaluation  of  these  samples  revealed  stron¬ 
tium-  and  barium-doped  samples  to  have  similar  grain  sizes 
(6  to  9  (im)  when  sintered  for  20  h.  This  is  lower  than  reported 
values  of  10  p,m  when  samples  of  the  same,  undoped  composi¬ 
tion  were  sintered  for  only  5  h.‘  It  is  likely  that  doping  with 
strontium  and  barium  inhibited  grain  growth.  Emission  diffrac¬ 
tion  spectroscopy  on  a  scanning  electron  microscope  did  reveal 
a  minor  second  phase  in  the  4  mol%  strontium  composition  but 
only  on  extended  sintering  times  (30  h).  This  phase  was  rich  in 
the  transition  metals  doped  into  the  lead  titanate;  cobalt,  tung¬ 
sten,  and  manganese.  Since  the  second  phase  was  a  minor 
phase,  it  was  not  noticed  on  X-ray  diffraction  patterns  and  was 
never  apparent  at  sintering  times  less  than  30  h. 

This  minor  second  phase,  in  addition  to  increased  grain 
growth,  may  have  caused  decreased  piezoelectric  properties  at 
sintering  times  longer  than  20  h.  Modified  lead  titanates  were 
shown  to  sinter  via  a  transient  liquid  phase  at  30  h.°  Duran  et  alf 
used  this  sintering  process  to  explain  decreased  density  values 
with  increased  sintering  times.  Sintering  times  less  than  20  h 
did  result  in  slightly  higher  loss  values  and  decreased  piezoelec¬ 
tric  anisotropy.  As  a  result,  20  h  appears  to  be  the  optimal  sin¬ 
tering  time. 

The  hydrostatic  piezoelectric  coefficient  for  strontium-doped 
samples  increased  with  the  concentration  of  dopant,  reaching 
the  maximum  value  of  82  X  10”'^  C/N  for  x  —  0.06.  The  trend 
of  </h  in  barium-modified  samples  is  opposite,  decreasing  d^  val¬ 
ues  with  increasing  barium  amount.  Compositions  which  con¬ 
tain  strontium  consistently  exhibit  a  higher  d^Jd,,  ratio  than 
barium-doped  samples,  with  the  4  mol%  strontium  composition 
exhibiting  the  best  overall  properties.  Large  d^  (81  X  10“'^ 
C/N)  and  voltage  sensitivity  (gh  =  18  X  10"’  mV/N)  values 
result  in  a  figure  of  merit  of  1458  X  10“  *’  m’/N,  which  com¬ 
pares  well  with  recently  reported  values.' 

(2)  Aging  Study 

Lead  titanate  ceramics  with  small  amounts  of  additives  have 
long  been  known  for  a  very  low  aging  in  dielectric  and  piezo¬ 
electric  properties.’  In  addition  to  reduced  motion  of  oxygen 
vacancies  resulting  from  low  defect  concentrations,  low  aging 
is  a  function  of  the  high  tetragonality  ratio  (c/a  =  1 .06,  where  c 
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Table  I.  Selected  Dielectric  and  Piezoelectric  Properties  for  Pb<,„Ca«j5.,Me,Ti„„(Co„jW„j)„.o«0.,  Ceramics,  where  Me  is  Sr  or  Ba 


Property 

Composition,  z  (moI%) 

Strontium 

Barium 

0.02 

0.04 

0.06 

0.02 

0.04 

0.06 

Dielectric  constant,  K 

647 

509 

441 

425 

349 

316 

Dielectric  loss,  tan  8  (%) 

1.6 

1.3 

1.4 

2.2 

2.3 

2,6 

Transition  temperature,  (°C) 

106 

120 

132 

135 

158 

178 

Piezoelectric  transverse  coefficient. 

t/jillO-'^C/N) 

-1.7 

-2.5 

-3.0 

-2.1 

-2.1 

-2.8 

Piezoelectric  longitudinal  coefficient. 

djjdO-^C/N) 

70 

86 

88 

77 

65 

63 

Piezoelectric  anisotropy, 

44/1 

34/1 

29/\ 

36/1 

31/1 

22/1 

Hydrostatic  charge  coefficient. 

dJlO-'^C/N) 

66 

81 

82 

73 

61 

57 

Hydrostatic  voltage  coefficient. 

g,(10-^mV/N) 

11 

18 

12 

19 

20 

20 

Figure  of  merit  d,,  ( 1 0  ”  mVN) 

726 

1458 

1722 

1387 

1220 

1140 

and  a  are  the  tetragonal  axes)  of  the  unit  cell.  Aging  experi¬ 
ments  are  usually  performed  at  room  temperature,  which,  in 
cases  of  lead  titanate,  is  far  from  its  7^.  Under  such  conditions, 
the  mobility  of  the  domain  walls  and,  thus,  aging,  will  be  low. 

A  relatively  low  7^  (120°C)  and  low  anisotropy  of  the  unit 
cell  in  the  4  mol%  strontium  sample  led  to  an  investigation  of 
the  aging  behavior  of  this  sample.  The  tetragonality  ratio,  as 
measured  from  X-ray  diffraction,  was  below  1%  (c/a  =  1.008). 
To  ensure  accurate  reproducibility  of  measurements,  samples 
were  fixed  to  a  sample  holder  and  placed  in  an  atmospheric 
chamber  set  at  40‘’C  and  99%  humidity.  Under  experimental 
conditions,  there  was  no  significant  deviation  in  piezoelectric 
coefficients,  dielectric  constant,  or  dissipation  factor  after 
120  h.  Figure  1  illustrates  piezoelectric  data  from  an  aging 
experiment  on  the  4  mol%  strontium  composition. 

(3)  Poling  Study 

Ease  of  polarization  is  another  advantage  of  strontium-doped 
compositions  over  similar  materials.  Calcium-modified  lead 
titanates  were  reported  to  require  50  kV/cm  to  give  optimal 
properties,^  whereas  compositions  modified  with  samarium 
needed  a  field  of  60  kV/cm.‘  The  4  mol%  composition  showed 
no  increase  in  piezoelectric  coefficient  or  dielectric  constant 
over  20  kV/cm  at  lOO'C.  Only  the  dissipation  factor  needed  a 
field  of  30  kV/cm  to  reach  a  minimum  value.  The  need  for  a 
lower  poling  field  is  a  result  of  the  low  7^  and  small  tetrago¬ 
nality  which  facilitated  domain  wall  reanangement. 

IV.  Summary 

This  investigation  demonstrates  that  it  is  possible  to  achieve 
dielectric  constants  over  500  while  keeping  the  large  anisotropy 
in  piezoelectric  properties  for  calcium-modified  lead  titanate  by 
doping  them  with  strontium.  Because  of  a  low  tetragonality  and 
a  low  transition  temperature,  the  composition  Pbo.6jCao,3,Sroo4- 
Tio.94(COo.5Wo  5  WOs  requires  low  poling  fields  at  moderate 
temperatures.  The  low  transition  temperature  and  tetragonality 
ratio  did  not  increase  the  aging  rate  of  the  above  composition. 
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Mr.  Roger  Vandermark  of  Piezokinetics  for  their  assistance.  The  work  of  Mr. 
Paul  Moses  and  Mrs.  Peg  Klinger  in  the  experimental  setup  for  measurements 
is  also  greatly  appreciated. 
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Fig.  1.  (i33,d3t,sinddy^/dyi  versus  aging  time  for  Sroo4 — illustration  of 
aging  behavior  for  the  best  composition. 
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The  application  of  a  DC  electric  field  (poling)  to  a  ferroelectric  lead  zirconate  titanate  (PZT)  ceramic 
aligns  domains  in  the  field  direction.  The  non  t80°-domain  switches  involve  mechanical  deformations, 
which  are  detected  as  acoustic  emission  signals.  Concurrent  with  AE  signals,  electrical  current  pulses 
arise  from  domain  reorientations.  When  the  poling  field  is  large  and  domain  switches  are  extensive, 
the  resulting  deformations,  under  the  constraint  of  neighboring  domains  or  grains,  may  exceed  the 
elastic  limit  and  cause  microcracking.  The  onset  and  propagation  of  microcracking  during  poling  of 
PZT  is  signalled  by  the  appearance  of  continuous  AE  signals,  unaccompanied  by  current  pulses,  in 
contrast  to  intermittent  AE  signals  accompanied  by  corresponding  current  pulses  during  domain  switch¬ 
ing.  The  onset  and  extent  of  microcracking  established  by  this  method  is  confirmed  by  scanning  electron 
micrographs  and  decrease  in  the  value  of  piezoelectric  coefficient  (d„)  and  mechanical  quality  factor 
(Qm)-  The  amplitude  of  AE  signals  due  to  domain  switches  are  spread  widely,  while  that  of  AE  signals 
caused  by  microcracking  occur  in  a  narrow  range  around  50  db. 

Keywords:  Acoustic  emission,  PZT,  domain  switching,  microcracking 


INTRODUCTION 

The  polar  direction  of  ferroelectric  crystals  can  be  changed  by  an  applied  electric 
field.  Due  to  the  existence  of  many  variants  in  the  low  temperature  ferroelectric 
phase,  a  ceramic  (polycrystalline)  sample  contains  many  randomly  oriented  regions 
of  uniform  polarization,  called  domains,  upon  transforming  from  the  high  tem¬ 
perature  non-ferroelectric  (paraelectric)  phase,  thus  eliminating  net  polarization.' 
For  many  practical  applications  such  as  a  piezoelectric  device,  the  ceramic  must 
be  poled  (i.e.,  subjected  to  a  DC  electric  field)  to  align  the  polar  axes  as  fully  as 
possible  in  the  field  direction  so  that  the  ceramic  acquires  a  net  (non-zero)  polar¬ 
ization.  The  fact  that  only  partial  alignment  of  domains  is  possible  in  a  ceramic  is 
reflected  in  the  rounded  D-E  hysteresis  loop  compared  to  a  square  loop  of  a 
ferroelectric  single  crystal,  and  in  a  spontaneous  polarization  (P^)  value  of  about 
8  |xC/cm^  for  a  ceramic  versus  26  jiC/cm^  for  a  single  crystal  of  BaTiOj. ' 

Associated  with  the  spontaneous  polarization  (P,),  there  is  a  spontaneous  strain 
(Cj),  which  is  proportional  to  PJ.  This  strain  is  a  consequence  of  the  fact  that  the 
polar  axis  is  elongated  compared  to  other  crystallographic  axes.  When  the  ferro¬ 
electric  domain  switches  by  180°,  there  is  no  strain  change  and  hence  does  not 
affect  its  neighbors.  On  the  other  hand,  domain  reorientations  by  90°  cause  max- 
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imum  strain  change,  leading  to  intergranular  stresses  (Figure  1).  Thus,  domain 
switching  during  the  poling  process  proceeds  to  minimize  the  total  energy  and 
accommodate  the  elastic  deformation.  For  example,  only  12%  of  the  domains 
switch  by  90°  upon  application  of  an  electric  field  to  ceramic  BaTiOj  and  half  of 
them  revert  back  on  removal  of  the  field. This  constraint  by  surrounding  grains 
does  not  affect  domain  switches  by  180°,  since  no  strain  is  involved  in  this  case. 

Extensive  studies  on  BaTiOj  single  crystals  have  shown  that  the  domain 
switching  is  a  nucleation  and  growth  process.  It  starts  with  a  wedge  shaped  domain 
of  the  new  polarization  state,  proceed  with  a  fast  forward  growth  ate  and  slow 
sidewise  growth  rate,  finally  the  wedge  taking  the  shape  of  a  stripe  a  loss  the  grain 
or  crystal.  Ultimately  the  two  180°  domain  walls  move  sidewise  to  widen  the  new 
polar  region  to  complete  the  switching  process. 

Lead  zirconate  titanate  (PZT)  is  a  solid  solution  of  ferroelectric  lead  titanate 
(PbTiOj)  and  antiferroelectric  lead  zirconate  (PbZrOj).  A  composition  at  48% 
PbTiOa — 52%  PbZrOj  exhibits  a  morphotropic  phase  boundary  (MPB),  separating 
a  tetragonal  PbTiOj-rich  and  a  rhombohedral  PbZrOj-rich  ferroelectric  phases. 
Many  properties  (dielectric  constant,  piezoelectric  coefficients,  etc.)  peak  at  this 


Random  orientation  of 
domains  before  poling 


Partially  aligned 
after  poling 


Shape  change  induces  microcracking 


FIGURE  1  Schematic  of  domain  structure  of  a  ferroelectric  ceramic  before  and  after  poling. 
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LOCAN  320  Workstation 


FIGURE  2  Schematic  of  experimental  arrangement  used  for  simultaneous  detection  of  acoustic  emis¬ 
sion  and  current  pulses  during  poling  of  a  ferroelectric  ceramic. 


FIGURE  3  Acoustic  emission  count  rate  (a)  and  total  AE  counts  (b)  as  a  PZT  ceramic  (sample  C) 
is  poled  to  successively  higher  fields.  'Fhe  current  pulses  were  observed  at  times  indicated  by  triangles 
in  this  and  succeeding  figures  (4  and  5). 


TABLE  I 


Microcracking  and  electrical  properties  of  poled  PZT 


Sample 

Extent  of  Poling  and  Microcracldnf 

d33 

(10-12  C/N) 

Qm 

C 

Poled  but  no  onset  of  microcracking 

333 

89 

SS 

Poled  dll  microciacking  barely  starts 

350 

65 

B 

Poled  dll  microcracking  starts 

200 

49 

E 

Poled  dll  extensive  microcracking  occurred 

119 
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FIGURE  4  Similar  data  as  in  Figure  3  but  for  another  sample  B,  poled  till  microcracking  just  starts. 

composition,  presumably  due  to  the  increase  in  the  number  of  energetically  de¬ 
generate  states  which  makes  the  switching  of  domains  easier  under  the  influence 
of  an  electric  field.®  The  higher  Curie  temperature  (360°C  vs  120°C),  remanent 
polarization  (47  vs  8  pC/cm^)  and  piezoelectric  coefficients  make  PZT  far  superior 
to  BaTi03  for  piezoelectric  applications.  In  fact,  PZT  is  the  leading  electrome¬ 
chanical  transducer  material  for  over  a  quarter  century  and  therefore  is  chosen  for 
the  present  study. 

The  effect  of  electric  field  on  the  extent  of  domain  reorientations  in  PZT  is 
somewhat  different  in  the  tetragonal  and  rhombohedral  phase  regions.  In  tetragonal 
PZT,  it  is  estimated  that  665%  of  all  dipoles  instead  of  the  initial  16!%  become 
aligned  within  the  sextant  around  the  poling  direction.®  On  the  other  hand,  dipoles 
switch  by  71°,  109°  and  180°  in  the  rhombohedral  phase.  For  PZT  modified  by 
Nb’^  ion  addition,  it  is  suggested  that  74%  of  the  dipoles  are  present  in  the  octant 
around  the  policy  direction.®  The  larger  value  and  the  higher  degree  of  domain 
orientation  in  PZT  make  the  remanent  polarization  of  PZT  substantially  higher 
than  that  of  BaTiOj.  The  improvement  in  planar  coupling  coefficient  {kp)  of  PZT 
as  a  function  of  poling  conditions  (field,  time  and  temperature)  has  been  studied 
by  Chiang  et  al. 

As  already  pointed  out,  the  non-180°  domain  switches  involve  strain  changes 
and  hence  demand  the  coordination  of  neighbor  domains.  The  microdeformations 
arising  from  the  domain  wall  movements,  though  small  in  magnitude,  are  detectable 
by  sensitive  acoustic  emission  methods.**’’^  The  poling  effects  on  acoustic  velocity 
and  attenuation  in  poled  and  unpoled  PZT  ceramics  were  studied  as  a  function  of 
temperature  and  frequency.*'*  Application  of  a  large  electric  field  (or  mechanical 
stress)  can  lead  to  microcracking,  due  to  internal  stresses.'^  Electrically  induced 
microcracking  in  PZT  has  been  shown  to  be  dependent  on  grain  size  and 
tetragonality***  *'*  **"*®  and  is  detected  by  microscopy^**  and  dielectric  measurements. 
The  external  parameters  influencing  the  extent  of  microcracking  are  the  poling 
conditions  (field,  time  and  temperature).'®-^'  Microcracking  results  in  a  deterio- 
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Time  (see) 


FIGURE  5  Same  as  in  Figure  3  for  sample  SS  but  the  electric  field  is  maintained  even  after  the  onset 
of  continuous  AE  counts,  signifying  beginning  of  microcracking.  The  regime  just  before  [Figures  (c) 
and  (d)]  and  just  after  [Figures  (e)  and  (f)]  the  onset  of  microcracking  is  shown  in  detail. 
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FIGURE  6  Same  as  in  Figure  5  for  sample  E  but  the  electric  field  is  retained  for  extensive  micro¬ 
cracking  to  occur,  as  indicated  by  continuous  AE  counts. 

ration  of  electrical  and  mechanical  properties  of  the  ceramic^' and  hence  should 
be  minimized  if  not  eliminated.  Uchino  et  al.  have  studied  AE  signals  in  piezoe¬ 
lectric  and  electrostrictive  actuators  subjected  to  bipolar  and  unipolar  electric  fields 
and  also  after  repeated  cycles  of  thermal  shocking.^''  They  found  that  the  unipolar 
field  does  not  lead  to  acoustic  emission,  unless  the  samples  have  suffered  mechanical 
damage  as  by  thermal  shocking. 

The  acoustic  emission  technique  has  recently  been  applied  to  the  study  of  domain 
switching,  as  well  as  the  occurrence  and  recombination  of  microcracks  in  ferro¬ 
electric  PbTiOj  ceramics  as  it  is  heated  and  cooled 

From  the  above  discussion  it  is  clear  that  poling  is  a  critical  process  for  achieving 
optimum  piezoelectric  properties  of  a  ferroelectric  ceramic.  The  domain  reorien¬ 
tations  which  give  rise  to  enhanced  piezoelectric  behavior  also  give  rise  to  me¬ 
chanical  stresses,  which  can  lead  to  microcracking,  if  the  induced  stresses  exceed 
the  elastic  limit  of  the  material.  Therefore  poling  should  be  carried  out  to  obtain 
maximum  domain  reorientation,  but  without  the  onset  of  the  microcracking  pro¬ 
cess,  provided  there  is  a  simple,  reliable  means  to  distinguish  the  two  deformation 
processes. 

The  purpose  of  the  present  study  is  to  delineate  the  microdeformations  accom¬ 
panying  domain  switching  from  those  due  to  microcracking  during  poling  of  PZT 
ceramics,  as  a  contribution  toward  a  better  understanding  and  optimization  of  the 
poling  process.  Simultaneous  detection  of  acoustic  emission  and  electrical  current 
pulses  were  employed  in  the  study  and  the  results  are  substantiated  by  scanning 
electron  micrographs  and  electrical  property  measurements. 

EXPERIMENTAL 

Ceramic  lead  zirconate  titanate  (PZT)  composition  (52%  PbZrOj,  48%  PbTiOj) 
at  the  morphotropic  phase  boundary  (MPB)  was  prepared  by  conventional  method. 
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FIGURE  7  Scanning  electron  micrographs  of  PZT  ceramic  (a)  as  sintered;  (b)  poled,  but  not  micro- 
cracked  (sample  C);  (c)  poled  till  microcracking  started  (sample  B);  (d)  poled  and  extensively  micro- 
cracked  (sample  E). 

Stoichiometric  proportions  of  reagent  grade  oxides  (PbO  from  Hammond  Lead 
Products,  Potterstown,  Pennsylvania,  Zr02  from  Harshaw  Chemical  Co.,  Cleve¬ 
land,  Ohio,  and  Ti02  from  J.  T.  Baker  Chemical  Co.,  Phillipsburg,  New  Jersey) 
were  mixed  in  a  polyethylene  bottle  for  12  hours  using  ethyl  alcohol  as  wetting 
agent  and  j"  diameter  zirconia  balls  as  grinding  media.  Excess  lead  oxide  (0.5  wt%) 
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0  20  40  60  80  100 

Amplitude  (db) 

(sample  E).  Note  the  scale  change  for  (c)  from  (a)  and  (b) '  ^  ®  ^  ^  extensive  microcracking 

drkd  ‘calcination.  The  milled  powder  was 

dried  at  80  C  for  24  hours  and  calcined  at  900“C  for  24  hours.  X-ray^diffraction 
examination  confirmed  the  formation  of  the  perovskite  phase.  After  mixing  with 
2%  polyvinyl  alcohol  binder,  the  powder  was  pressed  into  pellets  at  105  MPa  The 
binder  was  removed  by  heating  at  350»C  for  Jee  hours  and  SSoi  forVhrt  hours 
The  pehets  were  sintered  at  n5Q^C  for  five  hours  in  closed  crucibles  in  PbO 

StereTp7T  ‘cooling. 

Sintered  PZT  ceramic  discs  were  polished  to  obtain  two  parallel  faces  which 

hold  ®'®‘c*™‘^‘C‘l  '‘[“h  sputtered  gold.  The  electroded  disc  is  located  in  a  suitable 
holder  and  immersed  in  a  silicone  oil  bath  at  SO^C.  High  DC  field  is  aoDlied  in  i 
stepwise  fashion  from  a  power  supply  (Tred  COR-A-TROL),  while  aTalumina 

t'L  Xr"fnd  ofTr"  T  ^  is  mounted  at 

the  other  end  of  the  wave  guide.  Acoustic  emission  signals  are  collected,  filtered 

rate  appropriate  electronic  circuitry  and  displayed  as  counts  or  count 

rate  as  a  function  of  time  (Locan  320  System  from  Physical  Acoustics  Corp  )  The 
schematic  of  the  experimental  arrangement  is  shown  in  Figure  2.  A  microammeter 
•s  placed  in  the  voltage  input  lead  of  the  poling  circuit,  to  detect  current  pulses 
arising  from  domain  switching,  superimposed  on  leakage  current.  ^ 

samples  were  examined  for  piezoelectric 
coetficiem,  i/jj,  using  a  Berhncourt  meter,  for  mechanical  quality  factor  O 
using  IRE  standard  method,  and  for  microstructure  and  microcracks  from  scanning 
electron  micrographs. 


RESULTS  AND  DISCUSSION 

A  PZT  ceramc  sample  (C)  was  poled  in  successive  steps  of  increasing  DC  field  at 
intervals  of  100  sec,  while  acoustic  emission  signals  and  current  pulses  were  recorded 
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(Figure  3)  No  AE  signals  were  detected  until  a  poling  field  of  41  kv/cm  was  applied 
(though  a  few  current  pulses  were  observed  as  soon  as  poling  field  >  16  kv/cm  was 
applied)  The  current  pulses  (2-12  mA)  were  superimposed  on  a  steady  leakage 
current  of  0.5  to  3  mA.  It  can  be  seen  that  a  substantial  number  of  AE  signals 
occur  as  soon  as  the  poling  field  is  increased,  though  a  smaller  number  of  AE 
counts  were  recorded  at  irregular  time  intervals  during  the  application  of  a  fixed 
pohng  field,  in  agreement  with  earlier  reports. Everytime  AE  counts  occurred 
there  were  accompanying  current  pulses.  Evidently  both  the  AE  and  current  pulses 
arise  from  domain  reorientations.  After  800  sec,  the  field  was  reduced  in  steps  to 
zero  at  1200  sec.  While  no  AE  counts  were  detected  till  the  applied  field  was 

j  recorded  nearly  60  sec  after  removal  of 

the  field  and  these  AE  events  may  reflect  domain  reversals.  The  piezoelectric 
coefficient  ^33,  of  this  sample  was  333  ±  7  x  10“ '2  QN.  The  scanning  electron 
micrograph  of  this  sample  [Figure  7(b)]  is  similar  to  that  of  a  virgin  sample  [Figure 
7(a)j  and  does  not  show  clear  microcracking,  though  grain  boundaries  become 
more  obvious.  The  sample  has  a  mechanical  quality  factory  (Q^)  of  89  (Table  I). 

An  example  of  a  sample  (B)  which  was  subjected  to  a  stepwise  increase  of  the 
pohng  field  till  microcracking  just  starts,  as  evidenced  by  continuous  AE  counts 
instead  of  intermittent  AE  signals,  is  shown  in  Figure  4.  The  field  was  quickly 
reduced  to  zero  soon  after  the  appearance  of  continuous  AE  counts.  While  current 
pu  ses  were  observed  corresponding  to  the  intermittent  AE  signals,  no  current 
pulses  were  observed  during  the  continuous  occurrence  of  AE  counts.  The  value 
of  this  sample  is  lower  at  -200  x  lO’  ‘2  C/N  and  the  scanning  electron  micrograph 
does  not  show  any  significant  microcracking  [Figure  7(c)]. 

These  results  were  confirmed  with  another  PZT  ceramic  sample  (SS)  which  shows 
a  large  number  of  AE  counts  as  soon  as  a  poling  field  of  8  kv/cm  is  applied  (poling 
temperature  SO^C),  but  no  further  AE  counts  till  the  field  applied  was  25  kv/cm 
at  300  sec  (Figure  5).  There  were  intermittent  AE  signals  as  the  poling  field  was 
increased  stepwise  from  25  kv/cm  to  about  37  kv/cm  at  600  sec  [Figures  5(c)  and 
(d)].  In  this  regime  AE  counts  were  invariably  accompanied  by  current  pulses  up 
to  60  mA.  As  soon  as  continuous  AE  counts  started  appearing  at  about  620  sec, 
the  poling  field  was  turned  off.  The  AE  counts  continued  which  may  indicate 
domain  reversals  [Figures  5(e)  and  (f)].  Since  the  microcracking  process  was  quickly 
interrupted,  the  ^33  was  nearly  unaffected  (350). 


The  stepwise  poling  of  another  sample  (£)  was  continued  beyond  the  occurrence 
of  intermittent  AE  signals  accompanied  by  associated  current  pulses  (of  up  to  ~40 
mA)  to  the  regime  where  AE  counts  occur  continuously  but  no  current  pulses  are 
detected  (Figure  6).  We  believe  that  the  onset  of  continuous  AE  counts  must  signify 
the  beginning  of  microcracking  due  to  excessive  mechanical  stresses  generated  by 
extensive  domain  switching.  The  poling  field  was  reduced  to  zero  at  480  sec  but 
AE  counts  persisted  for  sometime  (at  least  up  to  640  sec)  suggesting  further  mi¬ 
crocracking  or  propagation  of  cracks  till  adequate  stress  relief  is  attained  Due  to 
the  extensive  microcracking,  the  J33  value  (119  x  10"  >2  c/N)  and  were  severely 
affected  (Table  I).  The  scanning  electron  micrograph  of  this  sample  [Figure  7(d)] 
shows  extensive  intergranular  cracking. 

The  threshold  amplitude  for  the  AE  experiments  was  set  at  45  db.  The  distri¬ 
bution  of  the  magnitude  of  the  detected  AE  signals  for  three  samples  is  given  in 
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Figure  8.  It  can  be  seen  that  the  number  of  hits  increases  and  the  amplitude  spread 
decreases  as  the  extent  of  microcracking  changes  from  none  to  minor  to  extensive. 
When  acoustic  emission  signals  arise  from  domain  reorientations,  their  amplitude 
reflects  a  wide  range  of  accompanying  microdeformations,  depending  upon  the 
original  domain  orientations  and  the  magnitude  of  the  poling  field  [Figure  8(a)]. 
On  the  other  hand,  the  initiation  and  propagation  of  microcracking  is  driven  by 
stress  concentrations  in  the  ceramic  and  the  corresponding  AE  signals  occur  in  a 
narrow  amplitude  range  [Figure  8(c)].  The  case  where  domain  reorientations  and 
initial  microcracking  occur  simultaneously  represents  an  intermediate  situation  [Fig¬ 
ure  8(b)].  This  is  in  agreement  with  the  observation  of  Pan  and  Cao,’^  who  state 
that  the  AE  signal  amplitude  is  maximal  at  the  polarization  switching  and  minimal 
when  the  poling  is  established.  Iwasaki  and  Izumi’*  also  find  that  the  peak  of  AE 
counts  occurs  at  lower  amplitude  range  and  the  spread  of  amplitude  narrow  as  the 
poling  field  is  increased. 


CONCLUSIONS 

Application  of  a  DC  field  to  ferroelectric  ceramics  (poling)  causes  domain  re¬ 
orientations  in  the  field  direction.  All  but  the  180“  domain  switches  involve  di¬ 
mensional  changes  leading  to  mechanical  stresses  due  to  the  constraint  of  the 
neighboring  grains  in  a  ceramic.  When  the  stresses  exceed  the  bonding  strength 
between  grains,  the  ceramic  suffers  microcracking,  resulting  in  deterioration  of 
electrical  (t/jj,  kp,  e,  etc.)  and  mechanical  (Qm,  strength,  etc.)  properties.  The 
present  study  established  that  concurrent  AE  counts  and  current  pulses  are  ob¬ 
served  when  domain  switches  take  place  during  poling.  The  onset  and  progress  of 
microcracking  is  signalled  by  continuous  AE  counts  but  no  accompanying  current 
pulses.  The  delineation  of  domain  switching  from  microcracking  by  this  approach 
is  corroborated  by  changes  in  electrical  and  mechanical  properties  and  scanning 
electron  micrographs  and  constitutes  a  simple,  reliable,  non-destructive  in-situ 
means  to  control  the  poling  process  to  achieve  optimum  piezoelectric  properties 
in  a  ferroelectric  ceramic. 


ACKNOWLEDGEMENT 

The  authors  are  grateful  to  the  Office  of  Naval  Research  for  financial  support. 


REFERENCES 

1.  F.  Jona  and  G.  Shirane,  Ferroelectric  Crystals,  McMillan,  New  York  (1962). 

2.  E.  C.  Subbarao,  M.  C.  McOuarrie  and  W.  R.  Buessem,  J.  Appl.  Phys.,  28,  1194  (1957). 

3.  H.  G.  Baerwald,  Phys.  Rev.,  105,  480  (1957). 

4.  R.  C.  Miller  and  A.  Savage,  Phys.  Rev.,  112,  755  (1958). 

5.  W.  J.  Merz,  J.  Appl.  Phys.,  11,  938  (1956). 

6.  E.  A.  Little,  Phys.  Rev.,  98,  978  (1955). 

7.  R.  C.  Bradt  and  G.  S.  Ansell,  J.  Am.  Ceram.  Soc.,  52,  192  (1969)  v,  v  u  no7n 

8.  B.  Jaffe,  W.  R.  Cook,  Jr.  and  H.  Jaffe,  Piezoelectric  Ceramics,  Academic  Press,  New  York  (1971). 

9.  D.  Berlincourt  and  H.  H.  A.  Krueger,/.  Appl.  Phys.,  30,  1804  (1959) 

10.  S.  S.  Chiang,  R.  M.  Fulrath  and  J.  A.  Pask,/.  Am.  Ceram.  Soc.,  64,  C-141  (1981). 


SWITCHING  AND  MICROCRACKING  OF  PZT  DURING  POLING 


281 


11.  H.  Iwasaki  and  M.  Izumi,  Ferroelecirics,  37,  563  (1981). 

Chines^^"^’  ^  ^  ^  ^  ^  ■*'  ^  P-  39  (1984)  in 

13.  W.  Pan  and  H.  Cao,  Ferroelecirics,  129,  119  (1992). 

Lm.'s"’^7i'0256  a?87)''’''’"°’  ''  P'  J-  F-  Bussicre,  7.  Am. 

!z'  U  S'  B°*>anka,  R.  W.  Rice  and  B.  E.  Walker,  Jr.,  J.  Am.  Ceram.  Soc.,  59,  71  (1976). 

16.  H.  T.  Chung,  B.  C.  Shin  and  H.  G.  Kim,  J.  Am.  Ceram.  Soc.,  72,  327  (1989). 

17.  C.  1.  Cheon,  S.  J.  Kin  and  H.  G.  Kim,  Ferroelecirics,  115,  35  (1991). 

18.  F.  Kroupa,  K.  Nejezchleb,  J.  Rataj  and  I.  Sax),  Ferroelecirics,  100,  281  (1989). 

19.  B.  C.  Shin  and  H.  G.  Kim,  Ferroelecirics,  100,  209  (1989). 

20.  F.  Kroupa,  K.  Nejezechleb  and  I.  Saxl,  Ferroelecirics,  88,  123  (1988). 

21.  H.  T.  Chung  and  H.  G.  Kim,  Ferroelecirics,  76,  327  (1987). 

F-  Kroupa,  M.  Boudys  and  J.  Zelenka,  Ferroelecirics  81,  339  (1988). 
LtWeh^m''7"367a986f^^'  of  Ferroelecirics,  Lehigh  Univ., 

v'  ''^raprasad,  Japan  J.  Appl.  Phys.,  26,  Suppl.  26-2,  167  (1987) 

25.  V.  Srikanth  and  E.  C.  Subbarao,  Acta,  MetalL  Mater, ^  40,  1091  (1992).  '  ^ 


APPENDIX  16 


Ferroelectrics  Letters,  1994,  Vol.  17,  pp.  41-46 
Reprints  available  directly  from  publisher 
PhoUKopying  permitted  by  license  only 


©  1994  Gordon  and  Breach  Science  Publishers  S.A. 

Printed  in  the  United  States  of  America 


DIELECTRIC  PROPERTIES  OF  SINGLE  GRAIN  IN  PLZT  FERROELECTRIC 
CERAMICS 


Q.  Y.  JIANG,  E.  C.  SUBBARAO,  L.  E.  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State  University 

University  Park,  PA.  16802 


(Received  for  Publication  October  I.  1993) 


Abstract  The  hot  pressed  and  grain-grown  transparent  ceramics  with  maximum 
grain  size  80-100  pm  provides  the  possibility  of  investigating  the  dielectric 
properties  of  single  grain  from  ceramic  specimens.  The  ion  milling  technique  was 
employed  to  separate  the  grains.  The  dielectric  permittivities  of  single  grain  of 
PLZT  have  been  measured.  It  is  found  that  the  range  of  dielectric  constant  of 
single  grains  in  unpoled  state  is  larger  than  that  of  the  bulk  ceramic.  Poling  in  both 
single  grains  and  bulk  ceramics  reduces  the  dielectric  constant  in  the  poling 
direction,  and  increases  it  in  the  direction  perpendicular  to  the  poling  field.  The 
anisotropy  of  dielectric  permittivity  for  PLZT  8/65/35  is  calculated  from  the  single 
grain  data. 


Lanthanum  doped  lead  zirconate  titanate  (PLZT)  ceramic  system  has  been  the 
subject  of  much  interest  due  to  their  high  optical  transparency,  excellent  electro-optical 
characteristics,  unusually  high  dielectric  constant  and  piezoelectric  constants,  and  square 
ferroelectric  hysteresis  loop  with  low  coercive  field.  •  >2  PLZT  ceramic  is  one  of  the  best 
candidate  materials  for  electro-optical  devices  and  the  non-volatile  memory  devices  which 
have  been  developed  rapidly  in  recent  years. 

Unfortunately,  single  crystal  growth  of  PLZT  is  so  difficult  that  it  can  only  be 
made  as  a  polycrystalline  ceramic.  Thus,  there  are  no  single  crystal  data  available. 
However,  the  transparent  PLZT  polycrystalline  ceramic  with  maximum  grain  size  30 
to  100  |i,m  can  be  obtained  from  the  hot  pressed  specimens  by  the  grain-growth 
technique,  which  provides  the  possibility  of  investigation  of  the  physical  properties  of 
the  single  grain  from  ceramic  samples.  In  the  present  work,  the  dielectric  constants  of 
the  PLZT  single  grain  in  unpoled  and  poled  stales  and  the  temperature  dependence  of 
dielectric  constant  of  single  grain  thick  specimens  were  measured.  The  results  are 
compared  with  the  thick  PLZT  ceramic  samples. 

The  composition  of  the  PLZT  is  8/65/35  (La/Zr/Ti,  mole  ratio)  and  this 
composition  is  located  near  the  rhombohedral,  tetragonal,  and  cubic  phase  boundary. 
PLZT  8/65/35  exhibits  typical  ferroelectric  relaxor  behavior.^A  Small  discs  with 
diameters  ranging  from  6  |im  to  100  pm  were  obtained  by  the  ion  milling  technique  as 
follows.  First  the  sample  was  polished,  cleaned,  and  annealed  at  600  "C  for  1  hour,  then 
one  face  of  the  sample  was  metallized  with  aluminium.  After  bonding  to  a  thin  gla.s.s 
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FIGURE  1.  The  lop  view  of  the  ion  milled  PLZT  sample  (area  l).\Figurcs  on  the  left 
side  are  diameters  of  the  dots  (ranged  from  6  pm  to  100  pm),  and  figures  on  llic  riglit 
side  are  the  number  of  dots  for  each  diameter. 


slip,  the  sample  was  lapped  to  8.9  pm  thickness.  Then  the  top  surface  was  also  metallized 
with  gold.  After  reticulation  masking  was  applied  to  the  top  of  the  surface  of  the  two 
regions,  the  edges  of  the  dots  were  defined  by  ion  milling.  The  milling  depth  was  2  pm 
for  one  region  (culled  area  1)  and  7  pm  for  another  region  (called  area  2).  The  view  ol  the 
well  defined  discs  with  diameters  of  100  pm,  50  pm,  20  pm,  15pm,  12pm,  10pm,  8pm, 
and  6  pm  for  area  1  is  shown  in  Figure  1.  Area  2  which  was  ion  milled  to  a  depth  of  7  pm 
is  not  shown  here. 

The  dielectric  permittivity  (constant)  for  each  disc  of  different  diameters  was 
measured  with  General  Radio  1621  Precision  Capacitance  Measurement  System  at  1  KHz. 
The  contact  between  disc  and  measurement  device  was  made  possible  by  probes  ihrougli 
the  optical  microscope. 

The  dielectric  constant  mea.surcd  from  the  discs  of  all  sizes  in  area  1  and  area  2  at 
room  temperature  without  prepoling  arc  shown  in  Figure  2(a)  and  (b),  respectively.  Foi 
each  diameter  the  measurements  were  carried  out  on  at  least  fi  ve  discs,  and  for  some 
diameters  on  more  than  30  discs.  The  dielectric  constants  of  discs  with  diffcienl  size 
ranged  from  3800  to  8000  for  area  I, and  4200  to  9000  for  area  2.  A  dispersion  of  the 
dielectric  constants  of  the  discs  with  same  diameter  was  observed  (Fig.  2),  and  the  effect 
was  larger  as  the  diameter  of  the  disc  decreased.  The  change  of  the  dielectric  constant 
ranged  from  12%  for  100  pm  diameter  to  47%  for  6  pm  diameter  (Fig.  2(a)).  From 
Figure  2  one  can  see  that  the  average  dielectric  constant  of  area  2  is  larger  than  that  ol  area 
1.  This  can  be  more  clearly  seen  in  Figure  3,  in  which  the  Icmpcralure  dependence  ol 
dielectric  constant  of  100  pm  and  50  pm  discs  in  area  1  and  area  2  arc  shown.  The 
different  mechanical  boundary  conditions  between  two  areas  due  io  the  different  milling 
depth  (2  pm  and  7  pm  for  area  1  and  2,  respectively)  are  responsible  for  this  dilfcrcncc. 
78%  of  the  disc  edge  in  area  2  was  free  and  22%  of  the  edge  was  clamped,  compared  with 

22%  free  and  78%  clamped  in  area  1.  ...  ■ 

The  grain  boundaries  in  area  1  are  clearly  visible  under  the  optical  microscope,  and 
the  discs  with  only  single  grains  in  them  (including  8,  10,  12  ,  and  15  pm  diameteis) 
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FIGURE  2.  The  dispersion  of  the  dielectric  constant  of  different  diameters  for  discs 
of  all  sizes  in  (a)  area  1  and  (b)  area  2  at  I  kHz  without  prepoling. 


could  be  distinguished  from  those  with  multigrains  (contained  1  to  3  grain  boundaries). 
The  dielectric  constants  of  these  single  grains  in  unpoled  states  are  shown  in  Figure  4(a) 
together  with  those  of  miiltigrains  of  same  diameters  (Figure  4(b)).There  are  no  dramatic 
changes  of  the  dielectric  constants  in  single  grains  and  multigrains.  This  can  be 
understood  by  the  fact  that  the  polarization  in  an  unpoled  single  grain  is  not  aligned  along 
one  direction,  and  many  microdomains  existed  within  a  grain.  Therefore,  both  the 
multigrain  discs  and  the  single  grain  di.scs  are  a.ssemblies  of  multidomains,  except  that  the 
multigrain  discs  contained  grain  boundaries  also.  The  results  in  Figure  4  also  indicate  that 
the  grain  boundaries  connected  parallel  to  grains  do  not  signincantly  affect  dielectric 
permittivity. 

Anisotropy  of  the  dielectric  permittivity  in  PLZT  single  grains  could  be  studied  by 
poling  the  single  grain  discs  under  DC  field  (20  Kv/cm)  larger  than  the  coercive  field  (5 
Kv/cm).  The  dielectric  constants  measured  before  and  after  poling  are  shown  in  Figure  5 
and  Table  1 .  The  poled  dielectric  constants  are  smaller  than  the  unpoled  ones,  which  is  in 
agreement  with  the  dielectric  data  obtained  from  bulk  PLZT  ceramics  by  us.  This  can  be 
explained  by  the  formation  of  macrodomains  from  microdomains  under  high  DC  field  5. 
The  contribution  to  the  weak  field  properties  by  microdomains  is  greatly  reduced.  The 
extent  of  the  decrease  of  the  dielectric  constant  was  not  always  same  for  all  singe  grain 
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FIGURE  3.  Temperature  dependence  of  llic  dielectric  constant  of  ion  milled  PLZT 
sample  with  disc  diameter  (a)  50  pm  and  (b)  100  pm. 


TABLE  1  The  Measurced  Dielectric  Constant  for  Both  Single 
Grains  and  bulk  Ceramic  of  PLZT  8/65/35. 


Dielectric  Constant 

Single  grains 

Bulk  ceramic 

Unpoled 

5000  -  7000 

4500  -  5000 

Prepoled 

3000  ~  6000 

4100  (K33)  5900  (K||) 

discs  both  with  different  diameters  and  same  diameter,  and  the  decrease  ranged  Irom  8% 
to  30%.  Since  the  crystallographic  axes  of  the  single  grains  are  not  always  aligned  in  the 
same  direction,  the  angle  between  the  measured  direction  and  crystallographic  axis  alter 
poling  is  a  function  of  individual  grains,  ranging  from  0"  to  ±30"  for  orthorhombic  phase, 
0"  to  ±35.5°  for  rhombohcdral  phase,  or  0  to  ±45°  for  tetragonal  phase,  jirovided  that  the 
poling  is  complete.  The  poled  phase  of  PLZT  8/65/35  is  orthorhombic.^’’  ^  If  we  take  the 
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FIGURE  4.  The  dispersion  of  the  dielectric  constant  of  (a)  single  grains  and  (b) 
multigrains  for  four  diameters  at  1  kHz  without  prepoling. 


minimum  of  the  measured  single  grain  dielectric  constant  as  the  KT33  which  3000  and 
the  maximum  6000  as  RT  along  the  direction  of  30°  away  from  the  c  axis  (Table  1).  The 
relationship  among  RT)  1 ,  R^33.  and  RT  for  single  grain  is 

KT  =  (1-  (cos30°)2)R1’i  1  +  (cosSO^I^  RT33,  (1) 

where  it  is  assumed  that  RT22  -  KT,,.  since  the  lattice  parameters  a  (5.777 A)  and  b 
(5.794A)  are  very  close  in  8/65/35  composition.^  After  replacing  R‘33  and  R  by  JUUU 
and  6000  in  equation  ( 1),  we  have 
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FIGURE  5.  The  dielectric  constant  of  single  grains  measured  before  and  after 
poling  for  four  diameters. 


In  conclusion,  the  anisotropy  of  dielectric  permittivity  for  PLZT  8/65/35  has  been 
derived  from  the  data  measured  from  the  single  grains.  The  dielectric  constant  in  c 
direction  is  ^  3000,  and  in  a  or  b  direction  >  15000.  The  range  of  dielectric  constant 
(5000  -  7000)  of  single  grains  in  unpoled  state  is  larger  than  that  of  the  unpolcd  bulk 
ceramic  (4500  ~  5000).  The  parallel  grain  boundaries  do  not  severely  affect  the  dielectric 
property  of  PLZT,  but  the  mechanical  boundary  condition  can  influence  the  dielectric 
measurement.  It  is  found  that  both  in  single  grains  and  bulk  ceramics  poling  inoccss 
reduces  the  dielectric  constant  along  the  direction  parallel  to  the  poling  field,  and  increases 
it  along  the  direction  perpendicular  to  the  poling  field,  which  is  different  from  the  PZT 
normal  ferroelectric  ceramics. 
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ABSTRACT:  The  piezoelectric  behavior  of  materials  from  the  (l-x)Pb(Sci/2Tai/2)03- 
(xlPbTlOa  solid  solution  system  has  been  Investigated.  The  |x=0.45|  composition  in 
particular  has  exhibited  an  outstanding  piezoelectric  response  |d33=650  (pC/N).  kt=0.5. 
kp=0.61.  k33=0.73|  and  a  low  mechanical  quality  factor  |Qm»30|.  These  features  make 
it  a  promising  candidate  for  a  variety  of  piezoelectric  sensor  applications.  The 
difficulties  Involved  In  effectively  poling  a  bar  sample  and  a  means  to  avoid  these 
problems  are  also  addressed. 


INTRODUCTION 

Piezoelectric  ceramics  have  found  wide  application  as  both  sensing  and  actuating 
devices  due  In  large  part  to  their  considerable  efficiency  in  converting  mechanical 
energy  to  electrical  energy  and  vice  versa  and  the  relative  ease  of  manufacturing  as 
compared  with  the  growth  of  single  crystals.  The  early  work  on  the  PbfZri-xTlxlOs 
|PZT|  solid  solution  system  by  JafTe  et  al.^,  which  showed  the  markedly  enhanced 
piezoelectric  performance  of  the  morphotroplc  phase  boundary  compositions,  has  been 
followed  by  Investigations  of  a  number  of  other  so-called  morphotroplc  phase 
boundaries  |MPB|  occurring  In  binary,  ternary,  and  quaternary  system  around  which 
enhanced  piezoelectric  responses  are  observed.  It  should  be  noted  that  the 
"morphotroplc  phase  boundaries"  Identified  for  many  of  these  systems  show  some 
curvature  at  high  temperatures  and.  therefore,  strictly  speaking,  are  not  truly 
temperature  independent  as  the  name  suggests;  the  boundary  between  crystalline 
phases  Is  hence  identified  as  a  MPB  In  the  sense  that  It  Is  a  boundary  separating  phases 
whose  structure-type  depends  largely  on  composition,  especially  at  low  temperatures. 

The  solid  solution  of  Interest  In  this  investigation  Is  (l-x)Pb(Sci /2Ta  1/2)03- 
(x)PbTi03  [PSTT]  In  which  such  a  MPB  occurs  between  rhombohedral  and  tetragonal 
phases  over  a  narrow  range  of  compositions  (x=0.4-0.451  as  pictured  in  Figure  1.^  The 
focus  of  this  study  was  to  evaluate  the  piezoelectric  response  of  ceramics  prepared  from 
this  composition  range  by  means  of  a  resonance  method. 

Communicated  by  Dr.  George  W.  Taylor 
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(l-x)Pb(Sc,/2Ta,/2)03-(x)PbTi03 


X 


Fteurt  l:  A  prellmlnaiy  depiction  of  the  (l-x)Pb(Sci  /2Tai/2)03-(x)PbT103  system 
hlghUghtlng  the  proposed  MPB  region. 


SAMPLE  PREPARATION 

The  (l-x)Pb(Sci/2Tai/2)03-(x)PbT103  ceramics  were  produced  by  a  conventional  mlxed- 
oxlde  method  Involving  the  use  of  high  purity  starting  compounds,  a  precursor-phase 
formulation,  and  controlled  lead  atmosphere  sintering.  The  compositions  of  interest 
were  initially  prepared  as  powders  employing  a  wolframite  ScTa04^  precursor  method 
in  order  to  reduce  the  occurrence  of  undesirable  pyrochlore  phases.  Starting  oxides 
Sc203t  and  Ta205t  were  batched  and  calcined  at  1400°C  for  6-8  hours  to  form  the 
ScTa04  precursor.  The  compositions  of  Interest  were  then  formulated  from  Pbot. 
T102t.  and  the  precursor  phase.  Each  composition  was  calcined  at  SOO-C  for  4  hours 
and  at  1000’’C  for  1  hour  with  an  Intermediate  comminution  step.  Compacted 
specimens  were  then  fired  at  HOO'C  for  one  hour  within  sealed  alumina  crucibles 
containing  Pb(Sci/2Tai  72)03 /PbZrOs  source  powders. 

Three  sample  geometries  were  required  to  evaluate  the  piezoelectric  coefficients 
and  coupling  factors:  (a)  Plgkai  0.06  (cm)  In  thickness  and  1 .0-1.2  (cm)  In  diameter,  (b) 
Efliai  1.0- 1.2  (cm)  in  length  and  with  0.04-0.0625  (cm2)  cross-sectional  areas,  and  (c) 

np.iiir  Hlocka:  0.06-0.08  (cm)  In  thickness  and  0.8- 1.0  (cm)  on  edge.  Sputtered  gold 

electrodes  were  applied  to  all  specimens. 
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EXPERIMENTAL  PROCEDURE 

The  samples  were  poled  In  a  stirred  oil  bath  under  a  poling  field  of  20  (kV/cm),  held  at  a 
temperature  In  the  vicinity  of  the  transition  temperature  for  about  20  minutes,  and 
then  cooled  slowly  with  the  field  to  -50°C.  The  poling  field  was  then  removed. 

The  dielectric  constant  was  determined  for  disk-shaped  specimens  from 
capacitance  data  collected  by  means  of  an  Impedance  analyzer  [Hewlett-Packard  HP- 
41 92A|.  The  electromechanical  coupling  factors,  kp  and  kai.  were  also  determined  for 
disk-shaped  samples  from  the  series  and  parallel  resonance  frequencies  associated 
with  the  radial  mode  vibration  of  the  specimen  as  measured  by  means  of  either 
a  spectrum  analyzer  (Hewlett-Packard  HP-3585A1  or  a  network  analyzer  (Hewlett- 
Packard  HP-3577A1.  The  mechanical  quality  factor.  Qm.  may  then  be  calculated 
utilizing  the  series  and  parallel  resonance  frequencies  and  the  series  reslslance.  Ri. 
(measured  at  the  series  resonance  frequency  of  the  radial  vibration)  using  the 
Impedance  analyzer.  The  longitudinal  thickness  (laterally  clamped) 
electromechanical  coupling  coefficient,  kt,  was  derived  from  the  series  and  parallel 
resonance  frequencies  of  the  thickness  vibrational  mode  of  the  disk-shaped  or 
rectangular  specimen  and  the  longitudinal  coupling  factor,  kaa.  was  similarly  derived 
for  bar-shaped  specimens  In  the  extenslonal  vibration  mode.  The  longlludinal 
piezoelectric  strain  coefficient,  daa.  was  measured  directly  making  use  of  a  Berllncourt 
d33  meter  (Model  CPDT-3300.  Channel  Products.lnc.)  while  the  measurement  of  the 
hydrostatic  piezoelectric  coefficient,  dh.  was  conducted  according  to  a  conventional 
procedure.®  The  corresponding  piezoelectric  voltage  coefficients.  g33  and  gh.  were 
subsequently  calculated  according  to  the  relationship  lgij=d|j/E|jl. 

RESULTS  AND  DISCUSSION 

The  elastic,  dielectric,  and  piezoelectric  properties  of  the  MPB  compositions  (x=0.4  and 
x=0.451  are  recorded  In  Table  I  along  with  those  of  two  of  the  more  sensitive,  low  Qm 
PZT-based®ceramlcs.  The  higher  piezoelectric  and  dielectric  responses  and  lower 
mechanical  quality  factor  (Qm)  were  observed  for  the  (x=0.451  PSTT  composition, 
comparable  with  those  of  the  PZT  materials,  which,  together  with  the  high  elastic 


t  PbO  (Johnson  Matthey  -  Materials  Technology  UK  -  Grade  Al);  SC2O3  (Boulder 
Scientific  Co.  -  99.99%1:  Ta205  (Hermann  C.  Starck  (Berlin)  -  Stand.  Opt.  Grade):  TIO2 
(Aesar  (Johnson  Matthey  Inc.)  -  99.999%| 
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Table  1:  Elastic,  dielectric,  and  piezoelectric  properties  of  MPB  compositions 
lx=0.41and  lx=0.451. 


PSTT 

|x=0.40| 

PSTT 

|x=0.45) 

PZT-5a' 

PZT-5h' 

8.1 

8.2 

7.75 

7.5 

633/^c 

1205 

3510 

1700 

3400 

Tcl”C) 

185 

205 

365 

193 

0 

0.32 

0.43 

0.35 

0.29 

mmsm 

12.4 

16.8 

16.4 

16.5 

97 

30 

75 

65 

da.IpC/NI 

-76 

-306 

-171 

-274 

daaIpC/NI 

182 

655 

374 

593 

gaJmV.m/NI 

17 

21 

25 

20 

dJpC/N) 

30 

43 

32 

45 

gi|mV.m/Nl 

2.8 

1.4 

2.1 

1.5 

k, 

0.49 

0.50 

0.49 

0.505 

kt 

0.36 

0.61 

0.60 

0,65 

^31 

0.21 

0.30 

0.34 

0.39 

^33 

0.58 

0.73 

0.705 

0.75 

compliance  of  the  material,  make  It  particularly  well-suited  for  sensor  applications. 
Although  the  origin  of  the  exceptionally  large  Poisson's  ration  for  this  composition  is 
not  yet  fully  understood.  It  Is  a  noteworthy  characteristic  of  the  material  warranting  a 
more  thorough  investigation. 

Bar-shaped  samples  lx=0.45I,  with  dimensions  as  described  previously,  poled 
Individually  for  determination  of  the  longitudinal  coupling  factor,  kaa  were 
consistently  found  to  exhibit  lower  values  of  dsa  1-580-600  (pC/N)I  and  ksa  1-0.711  than 
what  was  obtained  for  a  disk-shaped  sample  poled  under  Identical  conditions. 
Indicative  of  insuincient  poling.  It  Is  suggested  that.  In  addition  to  the  difficulties  in 
maintaining  proper  electrical  contact  to  the  specimen  under  these  poling  conditions, 
there  likely  occurs,  due  to  the  considerable  side  surface  area  of  the  bar-shaped  sample. 
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a  much  more  pronounced  fringing  of  the  poling  field  around  the  specimen  as  compared 
with  that  occurring  for  the  thinner  disk-shaped  sample.  In  order  to  Inhibit  this 
detrimental  effect,  four  bar  samples  were  bound  together  with  twine  and  poled  together 
under  the  same  poling  conditions  originally  applied  to  the  individual  bar  specimens. 
All  specimens  from  the  bundle  achieved  higher,  near  optlmumvalues  of  daa  and  kaa 
ld33=630-650  (pC/N):  k33-0.731.  Clearly,  this  Is  an  effective  means  of  avoiding  the 
difficulties  of  poling  bar-shaped  specimens:  the  bundle  configuration  pictured  In 
Figure  2,  where  the  elements  surrounding  the  specimen  to  be  poled,  placed  at  the  center, 
may  be  "dummy"  pieces  of  any  other  suitable  material.  Is  proposed  as  a  convenient 
arrangement  for  optimizing  the  field  concentration  on  the  piezoelectric  bar  and  hence 
the  degree  of  poling  achieved. 


BRASS 

PLATE 


BUNDLE 


Figure  2:  Suggested  "bundle"  configuration  for  poling  bar-shaped  piezoelectric 

specimens.  The  piezoelectric  element  is  placed  at  the  center  of  the  bundle. 


118 


J.  P,  WANG.  J.  R.  GINIPWICZ,  and  A.  S.  BIIALLA 


SUMMARY 


The  results  of  this  Investigation  of  the  piezoelectric  response  of  the  MPB  compositions 
|x=0.41  and  lx=0.45I  from  the  (l-x)Pb(Sci/2Tai/2)03-(x)PbT103  solid  solution  system  are 
summarized  below. 

(1)  The  higher  piezoelectric  response  Id33=650  (pC/N).  kt=0.5.  kp=0.61,  k33=0.73|  and 
lower  mechanical  quality  factor  |Qm=301  were  observed  for  the  |x=0.45|  composition 
distinguishing  It  as  a  viable  candidate  for  use  as  a  hydrophone  pick-up  and  various 
other  receiver-type  tranducer  applications. 

(2)  A  notable  characteristic  of  the  |x=0.45I  composition  is  Us  exceptionally  high 
Poisson's  ratio  [0=0.431;  further  investigation  Is  currently  underway  to  better 
understand  the  origin  and  nature  of  this  feature. 

(3)  An  alternative  "bundle"  method  for  poling  bar-shaped  specimens  has  been  suggested 
which  both  Improves  electrode  contact  and  minimizes  the  detrimental  effects  of 
excessive  "fringing"  of  the  poling  field  about  the  sample.  Near-optimum  poling  was 
achieved  by  these  means  leading  to  a  more  accurate  measurement  of  the  longitudinal 
coupling  factor,  kaa. 
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Abstract  Various  material  parameters  for  hot  pressed  ceramics  in  the 
solid  solution  system  (x)  PbZr03  -  (y)  Pb(Zn,/3Nb2/3)03  -  (z)  PbTi03 
(PZNT)  have  been  studied.  Previous  work  within  this  system  has  shown  a 
morphotropic  phase  boundary  separating  the  antiferroelectric  (A„)  and  the 
high  temperature  rhombohedral  (F^)  phases.  This  paper  will  further 
explore  the  electrical  field  dependence  of  the  complex  elastic  constants 
(s' 11^  and  s"iiE),  complex  piezoelectric  coefficients  (d'31  and  d"3i),  and 
dielectric  constant  (K33)  near  this  phase  boundary.  In  addition,  these 
parameters  will  be  compared  to  those  obtained  for  PZT-5A  at  room 
temperature. 


INTRODUCTION 

Solid  solutions  containing  PZ  have  been  widely  studied  in  the  past  due  to  the 
antiferroelectric  to  ferroelectric  phase  transition  and  the  existence  of  morphotropic 
phase  boundaries.  PZNT  is  such  a  system.  It  is  a  ternary  system  composed  of  the  end- 
members:  (x)PbZr03  -  (l-x)Pb(Zni/3Nb2/3)03  [PZZN]  and  (x)PbZr03  -  (l-x)PbTi03 
[PZT].  Previous  work  has  shown  that  this  system  contains  a  room  temperature 
orthorhombic  (antiferroelectric)  to  rhombohedral  (ferroelecu-ic)  phase  boundary.  This 
transition  has  been  located  between  x=93%  PZ  in  the  PZZN  end-member  and  x=94% 
PZ  in  PZT  end-member.' 

This  paper  will  explore  the  complex  dielectric,  piezoelectric,  and  elastic 
properties  of  the  PZNT  system.  Two  compositions,  located  near  the  room  temperature 
orthorhombic  to  rhombohedral  phase  boundary,  have  been  selected  for  discussion. 
They  are  PZZN  (93.2)  and  PZT  (95.0).  For  comparison,  similar  measurements  have 
been  made  on  a  hot  pressed  PZT-5  ceramic. 
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EXPERIMENTAL  PROCEDURES 

Hot  pressed  ceramic  samples  were  prepared  by  normal  ceramic  mixed  oxide  techniques. 
TTie  samples  were  thinned  and  then  polished  to  a  1-pm  Diamond  finish.  Finally,  the 
samples  were  gold  sputtered  using  a  dc  magnetron  sputtering  system. 

Room  temperature  polarization  versus  electric  field  hysteresis  loops  were 
observed  using  a  computer  controlled  polarization  measurement  system.  This  consisted 
of  a  modified  Sawyer-Tower  circuit  interfaced  to  an  IBM-PC  and  a  Trek  high-voltage 
supply.  The  frequency  at  which  the  hysteresis  loops  were  made  was  10  Hz  and  the 
samples  were  placed  in  a  silicone  oil  bath  to  prevent  electrical  breakdown  at  high  fields. 

The  temperature  dependence  of  the  dielectric  constant  was  measured  at  various 
frequencies  in  a  temperature  range  from  -150®C  to  250“C  using  a  computer  controlled 
measurement  system.  This  system  consisted  of  a  multifrequency  LCR  meter 
(HP4274A,  Hewlett  Packard  Co.),  a  desktop  computer  (HP9816,  Hewlett  Packard  Co.), 
a  nitrogen  fed  furnace  (Model-2300,  Delta  Design  Inc.),  and  a  high-voltage  power 
supply  (Kiethly-240A).  For  measurements  requiring  a  higher  temperature  range,  up  to 
1200“C,  a  Kanthol  wound  tube  furnace  was  substituted. 

Piezoelectric  measurements  were  made  using  a  modified  resonance  technique 
with  samples  prepared  as  long  thin  bars  with  typical  dimensions  of  20  x  2  x  0.2  mm. 
Once  poled,  fine  silver  lead  wires  were  attached  to  the  samples  using  a  conducting 
silver  epoxy  (E-Solder-3021,  Insulating  Materials  Inc.).  Next,  the  admittance  of  the 
specimen  near  resonance  was  measured  using  an  impedance  analyzer  (HP-4192A, 
Hewlett  Packard  Co.).  To  calculate  the  real  and  complex  compliance,  Sjj^, 
piezoelectric  coefficient,  d3i,  dielectric  constant,  633,  and  coupling  coefficient,  k3i,  the 
equation  for  the  admittance  of  a  bar  resonator  was  used: 
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Where:  w  =  width,  p  =  density,  t  =  thickness,  co  =  frequency,  and  /  =  length.  This 
equation  applies  to  only  an  ideal  resonator;  therefore,  the  piezoelectric  coefficients  must 
be  assumed  to  be  complex  quantities.  After  introducing  the  complex  nature  of  d3i, 
sjjE,  and  E33  the  resulting  complex  admittance  equation  is  solved  by  the  method 
described  by  Damjanovic.^  This  method  involves  an  iterative  calculation  using  an 
initial  guess  of  the  elastic  constant  and  three  values  of  the  admittance  near  the  sample's 
resonant  frequency.  These  calculations  are  then  repeated  up  to  30  times  for  statistical 
purposes. 
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results 

(1)  Dielectric  Properties: 

Using  the  previously  described  hysteresis  system,  the  P-E  hysteresis  behavior  of  the 
samples  was  observed  at  room  temperature.  Figure  1(a)  shows  the  resulting  hysteresis 
loop  for  PZT-5.  By  applying  a  maximum  electric  field  of  ±33.0  kV/cm  one  finds  a 
coercive  field  of  ±12.31  kV/cm  and  a  remnant  polarization  of  ±33.9  pC/cm^. 

The  composition  PZNT  (92.8/0.0),  i.e.  PZZN  (92.8),  was  also  studied.  It  is  on 
the  ferroelectric  side  of  the  room  temperature  antiferroelectric  to  ferroelectric  phase 
boundary  and  is  therefore  in  the  high  temperature  rhombohedral  (R3m)  phase.  This 
composition  exhibits  a  hysteresis  loop  (figure  1(b))  with  a  remnant  polarization  of 
±28.0  liC/cm^  and  a  coercive  field  of  ±15.9  kV/cm. 


Electric  Field  (kV/cm) 

Figure  1.  Room  temperature  hysteresis  loops  taken  at  10  Hz  for: 

(a)  PZT-5.  (b)  PZZN  (92.8),  and  (c)  PZT  (95.0). 

The  antiferroelectric  case  is  shown  in  figure  1(c).  This  composition  is  PZNT 
(95.0/5.0),  i.e.  PZT  (95.0),  and  shows  a  relatively  linear  hysteresis  loop  until  the  critical 
field  of  ±79.0  kV/cm  is  exceeded.  Once  the  critical  field  is  surpassed  the 
antiferroelectric  loop  opens  up  to  yield  a  maximum  polarization  of  ±35.5  iiC/cm^  with 
an  applied  field  of  ±105  kV/cm. 

The  dielectric  constant  of  these  compositions  can  be  found  in  figure  2  and  also 
figure  3(c).  The  temperature  and  frequency  dependence  of  the  PZT-5  sample  is  shown 
in  figure  2(a).  This  shows  one  phase  transition,  T(.,  at  268‘’C.  Figure  3(c)  shows,  as 
predicted  by  Takagi^,  that  the  dielectric  constant  decreases  with  increasing  dc  bias  for 
ferroelectric  phases. 
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Temperature  (°C) 


Figure  2.  Temperature  dependence  of  the  dielectric  constant,  K'33,  measured  during  heating  and 
cooling  at  5°C/min.  (a)  PZT-5  during  cooling  with  no  bias,  (b)  PZZN  (92.8)  during  cooling 
with  no  bias,  (c)  PZZN  (92.8)  during  cooling  with  0  kV/cm  and  2  kV/cm.  (d)  PZT  (95.0) 
during  cooling  with  no  bias,  (e)  PZT  (95.0)  during  cooling  with  0  kV/cm  and  15  kV/cm. 
(0  PZT  (95.0)  during  heating  with  0  kV/cm  and  15  kV/cm. 
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PZZN  (92.8)  shows  slightly  more  interesting  behavior.  From  figure  2(b)  one  can 
first  notice  the  decreased  frequency  dispersion  in  this  compositions.  Next  the  existence 
of  two  phase  transition  can  be  found.  The  Curie  temperature  has  been  reduced  to  220‘’C 
in  this  composition,  and  an  additional  transition  is  found  to  occur  at  -35‘’C.  This  second 
anomaly  is  due  to  the  high  to  low  temperature  rhombohedral  phase  boundary. 

Finally,  figure  2(d-f)  shows  the  behavior  of  the  dielectric  constant  for  PZT  (95.0). 
This  room  temperature  antiferroelectric  composition  shows  three  phase  changes  at 
26°C,  110“C,  and  240‘’C  which  correspond  to  the  Frj^.j.-Ao,  Ao-Frji.j„  and  Fr||.j,-Pc 
transitions.  It  is  also  interesting  to  notice  the  large  thermal  hysteresis  in  the  two  lower 
temperature  transitions.  Finally,  dc  bias  was  found  to  increase  the  temperature  of  the 
ferroelectric  to  paraelectric  and  antiferroelectric  transitions  and  decrease  that  for  the 
ferroelectric  to  ferroelectric  transitions. 

(b)  Piezoelectric  and  Elastic  Properties. 

Measurements  were  taken  with  the  modified  resonance  technique  described  earlier. 
Figures  3(a-d)  show  the  room  temperature  results  for  both  PZZN  (92.8)  and  PZT-5.  No 
data  for  PZT  (95.0)  is  given  here  due  to  the  lack  of  resonance  behavior  in  this  room 
temperature  antiferroelectric  composition. 

The  behavior  of  PZZN  (92.8)  is  typical  of  the  ferroelectric  PZZN  and  PZNT 
ceramics  near  the  room  temperature  antiferroelectric  -  ferroelectric  phase  boundary. 
For  this  composition  all  seven  measured  parameters  have  been  found  to  be  independent 
of  dc  bias.  At  zero  field  these  values  are:  -d3j  =  (6.10  +  i  0.26)  pC/N,  sjj^  =  (7.60  +  i 
0.025)  xl0‘*2  m^/N,  K33  =  (307.45  +  i  6.00),  and  k3j  =  4.24%.  In  addition,  d33  was 
found  using  a  Berlincourt  d33  meter,  to  be  53  pC/N.  Finally,  the  hydrostatic 
piezoelectric  coefficient,  d),,  has  been  calculated  to  be  41  pC/N. 

PZT-5  shows  much  different  behavior.  Initially,  at  zero  field  the  measured  values 
are:  -d3i  =  (210.81  +  /  13.32)  pCTN,  sjjE  =  (16.63  +  i  0.27)  xlO-12  m2/N,  K33  =  (2500 
+  i  30),  and  k3j  =  34.75%.  With  increasing  bias  these  parameters  (with  the  exception 
of  k3i)  show  strong  field  dependence.  After  increasing  the  field  to  15  kV/cm  the  values 
are  changed  to:  -d3i  =  (151.66  +  1  10.61)  pC/N,  sjj^  =  (14.33  +  /  0.17)  xlO'^2  nri2/N, 
K33  =  (1516  +  /  120),  and  k3|  =  34.63%.  The  zero  field  value  of  d33  was  found  to  be 
495  pCTN  and  dj,  was  then  calculated  to  be  75  pC/N. 
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